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FOREWORD 


This report covers work performed under NASA Contract NAS3-23691 to investigate 
heat transfer characteristics of rotating multipass passages for configurations and 
dimensions typical of modern gas turbine blades under the Hot Section Technology (HOST) 
program. The NASA Program Manager is Mr. Frederick Yeh, Hot Section Technology 
(HOST), NASA Lewis Research Center. Dr. S. Tanrikut served as Program Manager at 
Pratt & Whitney. Acknowledgements are given to L. D. Aceto, R. A. Graziani, T. J. Hajek, 
F. C. Kopper, I. Linask, S. Orr and the assistance of their colleagues at Pratt & Whitney 
and UTRC for their contributions to the program. 
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1.0 SUMMARY 


Experiments were conducted to determine the effects of buoyancy and Coriolis forces 
on heat transfer in turbine blade internal coolant passages. The experiments were 
conducted with a large scale, multi-pass, heat transfer model with both radially inward 
and outward flow. Normal and skewed trip strips on the leading and trailing surfaces of 
the radial coolant passages were used to produce the rough walls. An analysis of the 
governing flow equations showed that four parameters influence the heat transfer in rotating 
passages: coolant-to-wall temperature ratio, Rossby number, Reynolds number and 

radius-to-passage hydraulic diameter ratio. The first three of these four parameters were 
varied over ranges which are typical of advanced gas turbine engine operating conditions. 
Results were correlated and compared to previous results from stationary and rotating 
similar models with trip strips. The heat transfer coefficients on surfaces, where the heat 
transfer increased with rotation and buoyancy, varied by as much as a factor of two. 
Maximum values of the heat transfer coefficients with high rotation were only slightly above 
the highest levels obtained with the smooth wall model. The heat transfer coefficients on 
surfaces, where the heat transfer decreased with rotation, varied by as much as a factor 
of three due to rotation and buoyancy. Heat transfer coefficients from the test surfaces 
with skewed trip strips were less sensitive to the effects of buoyancy than were the surfaces 
with normal trip strips. It was concluded that both Coriolis and buoyancy effects must be 
considered in turbine blade cooling designs with trip strips and that the effects of rotation 
were markedly different depending upon the flow direction. 

The major portion of the test program for this work was supported by the NASA/Lewis 
Research Center under the Hot Section Technology (HOST) initiative, Contract No. 
NAS3-23691 to Pratt & Whitney, Commercial Engineering. The work was performed under 
the direction of Mr. F. Yeh, NASA Project Manager. The design, fabrication and 
instrumentation of all of the models, additional experiments to enhance the benchmark 
data base and the development of physical models for heat transfer phenomena occuring 
in the coolant passages were conducted under the United Technologies Corporation 
independent research program. Data from these experiments and information from 
technical papers and reports, produced outside the scope of Contract NAS3-23691 are also 
included in this report. Tabulated data and results for each test element and flow condition 
of the entire data base are available on magnetic tape through Mr. F. Yeh (NASA Lewis 
Research Center). 
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2.0 INTRODUCTION 


2.1 Background 

Current and future high performance gas turbine engines exploit internal convection 
cooling schemes to maintain acceptable airfoil metal temperatures. This approach requires 
complex coolant passage configurations within the rotating blades as illustrated in Figure 
2.1. Most coolant passage designs enhance heat transfer coefficients above smooth channel 
levels by utilizing turbulence promoters. Summaries of the technical problems and needs 
of the current gas turbine blade designer are presented by Suo (1978) and Taylor (1980). 


Advanced gas turbine airfoils are subjected to high heat loads that require escalating 
cooling requirements to satisfy airfoil life goals. The efficient management of cooling air 
dictates detailed knowledge of local heat load and cooling air flow distribution for 
temperature and life predictions. However, predictions of heat transfer and pressure loss 
in airfoil coolant passages currently rely primarily on correlations derived from the results 
of stationary experiments. Adjustment factors are usually applied to these correlations 
to bring them into nominal correspondence with engine experience. This is unsatisfactory 
when blade cooling conditions for new designs lie outside the range of previous experience. 

Knowledge of the local heat transfer in the cooling passages is extremely important 
in the prediction of blade metal temperatures, i.e. blade life. Rotation of turbine blade 
cooling passages gives rise to Coriolis and buoyancy forces which can significantly alter 
the local heat transfer in the internal coolant passages due to the development of cross 
stream (Coriolis), as well as, radial (buoyant) secondary flows. Buoyancy forces in gas 
turbine blades are substantial because of the high rotational speeds and coolant temperature 
gradients. Earlier investigations with single pass co- and counter-flowing stationary 
coolant passages indicated that there can also be substantial differences in the heat transfer 
when the buoyancy forces are aligned with or counter to the forced convection direction. 
A better understanding of Coriolis and buoyancy effects and the capability to predict the 
heat transfer response to these effects will allow the turbine blade designer to achieve 
cooling configurations which utilize less flow and which reduce thermal stresses in the 
airfoil. 

An extensive analytical and experimental program was originated and sponsored by 
NASA at the Lewis Research Center, Cleveland, Ohio, as part of the Hot Section 
Technology (HOST) program. The objectives of this program were (1) to gain insight on 
the effect of rotation on heat transfer in turbine blade passages, (2) to develop a broad 
data base for heat transfer and pressure drop in rotating coolant passages, and (3) to 
improve computational techniques and develop correlations that can be useful to the gas 
turbine industry for turbine blade design. The attainment of these objectives become even 
more critical with the advent of the Integrated High Performance Turbine Engine 
Technology (IHPTET) initiative. As part of the IHPTET goal, the turbine would operate 
at near stoichiometric (3500-4000F) inlet temperatures, maintain efficiencies in the 
88-94% range, and require total coolant flows of only 4 to 6 percent of the engine air flow 
rate. To attain these ambitious goals, a thorough understanding on the rotational effects 
of heat transfer and flow in turbine blade passages is mandatory. 

2.2 Previous and Concurrent Studies 

Heat transfer experiments in multiple-pass coolant passages with normal trips have 
been conducted in stationary models by several investigators to obtain a data base for the 
thermal design of gas turbine airfoils, e.g., Webb et al. (1971), Boyle (1984), Han et at. 
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Figure 2.1- Typical Coolant Passage Configurations for Aircraft Gas Turbine Rotating Airfoils. 
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(1986), Metzger et al. (1988). These data bases are directly applicable to the cooling 
designs of stationary vanes. However, the effects of Coriolis forces and buoyancy, due 
to the large rotational gravity forces (up to 50,000 g), are not accounted for. 

The complex coupling of the Coriolis and viscous forces has prompted many 
investigators to study the flow field generated in unheated, rotating circular and rectangular 
passages without the added complexity of buoyancy, i.e., Hart (1971), Wagner and Velkoff 
(1972), Moore (1967) and Johnston et al. (1972). The effects of rotation on various 
processes in rotating components was also summarized by Johnston (1970). The effects 
of rotation on the location of flow reattachment after a backward facing step presented 
by Rothe and Johnston (1979) is especially helpful in understanding the effects of rotation 
on heat transfer in passages with trips. These investigators have documented strong 
secondary flows and have identified aspects of flow stability which produce streamwise 
oriented, vortex-like structures in the flow of rotating radial passages. 

Concurrent with the present program, flow and heat transfer inside rotating radial 
ducts has been predicted by Iacovides and Launder (1990) for a constant density turbulent 
fluid (i.e. with Coriolis effects but without buoyancy) and by Sturgess and Datta (1987). 
Results from these numerical studies have also shown strong secondary flows and a 
variation in the heat transfer around the perimeter of the duct. 

The generation of secondary flows by Coriolis forces produces a complicated 
three-dimensional flow that greatly alters the circumferential heat transfer distribution in 
rotating duct flows. The secondary flows produced in these configurations will influence 
the distribution of heat transfer according to the movement or migration of fluid from one 
surface to another and the mixing of the near-wall fluid with the mainstream or core flow. 
Thus, the circumferential distribution of heat transfer will be vastly different in each of 
these geometries, as it will be in the wide variety of cooling channel geometries found in 
advanced aircraft gas turbine blades. 

The effects of buoyancy on heat transfer without the complicating effects of Coriolis- 
generated secondary flow have been studied in vertical stationary ducts. Effects of 
buoyancy on heat transfer were reported by Eckert et al. (1953 and 1954), Metais and Eckert 
(1964) and Brundrett and Burroughs (1967). Flow criteria for forced-, mixed- and 
free-convection heat transfer was developed for parallel flow and counter flow 
configurations by Eckert et al. (1953) and Metais and Eckert (1964). Based on these 
experimental results, buoyancy forces would be expected to cause significant changes in 
the heat transfer in turbine blade coolant passages and to be strongly dependent on flow 
direction (radially inward vs. radially outward). 

The combined effects of Coriolis and buoyancy forces on heat transfer has been 
studied by a number of investigators. Prior to the present study, experiments were 
conducted by Iskakov and Trushin (1983), Morris (1981), Morris and Ayhan (1979), Lokai 
and Gunchenko (1979), Johnson (1978) and Mori et al. (1971). Concurrent with the present 
study (1983 to 1988), experiments were conducted by Taslem et al. (1989), Guidez (1988), 
and Clifford (1985). The smooth wall experiments conducted under the present NASA 
and UTC program were reported in Volume 1 of this report and by Wagner et al. (1989 
and 1990). With the exception of Taslim and Clifford, all of the aforementioned work 
was conducted with smooth-wall models. Large increases and decreases in local heat 
transfer were found to occur by some previous investigators under certain conditions of 
rotation while other investigators showed lesser effects. Analysis of these results did not 
show consistent trends. The inconsistency of the previous results is attributed to differences 
in the measurement techniques, models and test conditions. 

Most of the published work on rotating duct flows has been on experiments conducted 
with long, straight ducts with flow traveling either radially outward or radially inward with 
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respect to the axis of rotation and with smooth walls. As depicted in Figure 2.1, modern 
gas turbine airfoils employ complicated serpentine shaped coolant passages that utilize 
coolant flowing both radially inward and radially outward. The walls of the coolant passages 
usually have trip strips to increase the heat transfer coefficient. During the rotation of 
blades, the centrifugal forces of rotation will influence the heat transfer in each of these 
cases differently. Also, the upstream and downstream influence of the turns will affect the 
heat transfer in these passages and becomes very complicated during rotation. 

2.3 Objectives 

Currently, the analysis of airfoil internal passage heat transfer and pressure loss relies 
mainly on correlations derived from testing models in a static (nonrotating) environment. 
Executing tests with rotation is difficult and costly. As a consequence, there is limited data 
that can be used to account for the effects of rotation on internal heat transfer and pressure 
loss in typical turbine blade designs. Some data are available for smooth tubes over a limited 
range of relevant parameters, but application of these data to complicated flow passages 
of a turbine airfoil would not be appropriate. Presently, adjustment factors are applied to 
the static test derived correlations to bring them into nominal correspondence with engine 
experience. This, in practice, accounts for rotation effects. 

Under the NASA HOST program, a comprehensive experimental project was 
formulated in 1982 to identify and separate effects of Coriolis and buoyancy forces for 
the range dimensionless flow parameters encountered in axial flow, aircraft gas turbines. 
The specific objective of this experimental project was to acquire and correlate 
benchmark-quality heat transfer data for a multi-pass, coolant passage under conditions 
similar to those experienced in the blades of advanced aircraft gas turbines. A 
comprehensive test matrix was formulated, encompassing the range of Reynolds numbers, 
rotation numbers, and heating rates expected in a modern gas turbine engine. 

The results presented in this report are from the second phase of a two phase program 
directed at studying the effects of rotation on a multi-pass model with smooth and rough 
wall configurations. The first phase utilized the smooth wall configuration. The results 
from the smooth wall phase are reported in Volume 1 of the final report on this contract. 
Initial results for outward flow in the first passage were also previously presented by 
Wagner, Johnson and Hajek (1989). The effects of flow direction and buoyancy with smooth 
walls were presented by Wagner, Johnson and Kopper (1990). The present report covers 
the rough wall phase with trips (surface roughness elements) oriented at 90 and 45 degrees 
(normal and skewed trips) to the flow direction. Initial results for the model with normal 
trips were previously presented by Wagner, Johnson, Graziani and Yeh (1991). Summaries 
of the results for the model with skew trips and with selected model orientations were 
presented by Johnson, Wagner, Steuber and Yeh (1992 and 1993, respectively). 
Comparisons will be made with the results of Volume 1 for smooth walls in the same model 
and with previous rotating and stationary experiments employing trips 90 degrees to the 
flow direction and trips oriented 45 degrees to the flow direction. 


5 


3.0 EXPERIMENTAL APPARATUS AND PROCEDURES 


3.1 Heat Transfer Model 

A four legged heat transfer model, used for the NASA-sponsored heat transfer and 
pressure drop experiments, was designed, fabricated and instrumentated under UTC 
sponsorship. The model consists of three heated straight sections, one unheated straight 
section, and three turn sections as shown in Figure 3.1. The streamwise location of each 
test surface is identified by a letter A to R. The orientations of the test surface at each 
streamwise location are denoted “leading” and “trailing” for the surfaces in the plane of 
Figure 3.1 and “side walls” for the surfaces (crosshatched) perpendicular to the plane of 
Figure 3.1. Cross sections of the straight sections are shown in Figure 3.2. The model was 
designed for constant temperature, steady-state heat balance measurements and for wall 
static pressure measurements. A photograph of the uninstrumented coolant passage heat 
transfer model is shown in Figure 3.3. 

Model Design 

Each streamwise location in the straight heated sections has the cross-sectional shape 
and features shown in Figure 3.2. All four copper walls were heated on the side opposite 
the test surface with thin film electric resistance heaters. The heaters were designed to 
produce a maximum heat flux of 4.6 to 6.2 watts per square centimeter (30 to 40 watts 
per square inch). The heaters were fastened to the copper test surfaces using standard strain 
gage adhesives. The temperatures of the copper test surfaces were measured with two 
chromel-alumel thermocouples which were inserted into drilled holes of each test surface 
and fastened with epoxy. The copper test surfaces were separated from each other in both 
the streamwise direction and around the coolant passage cross section with 1.52mm (0.060 
in.) thick sections of G-10 or G-ll laminated fiberglass material. Details on the heat 
balance and the calculation of the effective heat transfer area for each test section will 
be discussed in a subsequent section. 

Trip strips were machined in a staggered pattern on the leading and trailing surfaces 
of the 6 inch (152.4 mm) straight length of each passage of the normal trip (Fig. 3.4) and 
the skewed trip (Fig. 3.5) configurations. No trips were on the guard elements (X/d < 3) 
in the first passage. The trip height, (e/d = 0.1), shape (circular) and spacing (P/e = 10)) 
of the trips are shown in Figure 3.2. These geometrical parameters and trip shape are 
typical of the trips cast on the coolant passage walls of turbine blades. 

The turn sections had smooth walls with three sides of the wall surfaces heated and 
the fourth side unheated. The unheated surface was the inner-radius, curved surface shown 
in Figure 3.1. Two heated test surface (leading and trailing wall surfaces) cover the coolant 
passage in the plane shown in Figure 3.1 for streamwise locations E, F, J, K, P and R. 
For example, at streamwise location E, the leading and trailing test elements are 37 anti 
53, respectively (Figure 3.6). Two heated test surfaces cover the outer radius curved 
surfaces (side walls surfaces). At streamwise location E, these are test surfaces 5 and 6. 

The radial location of the center of each heat test surface is defined by the relationship, 
R = RADH + RBASE. RBASE was equal to 466.73 mm (18.375 in.) for all the tests reported 
in Volume II. The model geometric information for each heat transfer section is tabulated 
in TABLE 13.1. The tabulated information includes: d, local hydraulic diameter; A c , local 
crosssectional area; CA, area of heat transfer segment; RADH, distance from center of 
heat transfer segment to RBASE; S, streamwise distance from model inlet; and X, 
streamwise distance from start of each straight section. 
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STREAMWISE LOCATION OF TEST SECTIONS IDENTIFIED BY A TO R. ALL FOUR TEST 
SECTION SURFACES FOR STREAMWISE LOCATIONS A THROUGH R ARE HEATED 

Cross-sectional of coolant passages Z-Z is shown in Fig. 3.7 



Figure 3.1- Cross Sectional View of Coolant Passage Heat Transfer Model Assembly. 
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Figure 3.2- Details of Test Section Elements (Normal trips). 
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Figure 3.3- Photograph of Uninstrumented Coolant Passage Heat Transfer Model 
With Leading Edge (+fi) Plane Test Sections Removed. 
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STREAMWISE LOCATION OF TEST SECTIONS IDENTIFIED BY A TO R. ALL FOUR 
TEST SECTION SURFACES FOR STREAMWISE LOCATION A THROUGH R ARE HEATED. 


TRIP LEADING TEST TRAILING TEST 

LOCATIONS: SECTION SURFACES SECTION SURFACES 



Figure 3.4- Cross Sectional View of Coolant Passage Heat Transfer Model Assembly 
With Normal Trip Model. 
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STREAMWISE LOCATION OF TEST SECTIONS IDENTIFIED BY A TO R. ALL FOUR 
TEST SECTION SURFACES FOR STREAMWISE LOCATION A THROUGH R ARE HEATED. 


TRIP LEADING TEST TRAILING TEST 

LOCATIONS: SECTION SURFACES SECTION SURFACES 



Figure 3.5- Cross Sectional View of Coolant Passage Heat Transfer Model Assembly 
With Skewed Trip Rough Walls. 
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Model Instrumentation 

The instrumentation plan and the test surface identification plan for the coolant 
passage heat transfer model are shown in Figures 3.6 and 3.7, respectively. The streamwise 
locations (A through R) were previously identified in Figure 3.1. Each heat transfer test 
surface is identified by a number (1 through 64) as shown in Figure 3.6. Note that test 
surfaces 2, 20, 34 and 50 are located at streamwise location B (Figure 3.6). Test surfaces 
34 and 50 are the leading and trailing surfaces respectively when the model is in the a 
= 0 orientation. Test surfaces 2 and 20 are at sidewall locations for a = 0. 

Pressure measurement locations are shown at 16 places on Figure 3.6. The locations 
are on the side walls as shown and were chosen to separate the turn pressure losses from 
the straight section losses. The pressure tap is a 0.51 mm (0.020 in.) diameter hole drilled 
perpendicular to the test section surface midway across the passage. 

The test section surface locations for o: = 0 and o; = 45 deg orientations are shown 
in Figure 3.7. Note that for ce = 0, the plane passing through the four coolant passages 
centerline of the straight test sections also passes through the axis of rotation and the 
straight sections are also radial sections. For a = 45 deg, the plane passing through the 
centerline of the four coolant passages is skewed from the axis of rotation as shown in 
Figure 3.7. The radial positions of several locations are shown on Figure 3.1 for reference. 

A photograph of a partially-assembled, instrumentated, coolant passage heat transfer 
model is shown in Figure 3.8. Each of the 64 test surfaces has two chromel-alumel 
thermocouples imbedded and has a thin film heater attached (Figure 3.2). The six leads 
from each test surface multiplied by sixty four test surfaces result in 384 leads for this 
portion of the model. Additional thermocouples are positioned at the air inlet and exhaust 
locations and on the steel backing plates. A photograph of the assembled model mounted 
on the base is shown in Figure 3.9. A photograph of the model mounted in the Rotating 
Heat Transfer Facility is shown in Figure 3.10. 

3.2 Rotating Heat Transfer Facility 

Rotating Components 

The Rotating Heat Transfer Facility (RHTF) (Figures 3.10 & 3.11) consists of the 
containment vessel with the integral arm assembly and motor with associated controller. 
The containment vessel is 1.83 m (6.0 ft.) in diameter and was designed to withstand a 
destructive failure of the rotating assembly. The vessel was designed for operation at a 
pressure of 5 to 13 mm of Hg absolute to reduce the power required to rotate the arm. 
The rotating arm assembly is driven by a 11KW (15 Hp) DC motor via a toothed belt. Shaft 
rpm is controlled by an adjustable feedback electronic controller. Maximum shaft speed 
is approximately 3,500 rpm producing body forces on the model of approximately 14,000 
g’s at the tip of the model and approximately 10,000 g’s at the root. The maximum shaft 
speed for the present program was 1100 rpm. A safety shutdown interlock circuit is used 
to turn off the drive motor and model heater power supplies, turn on a magnetic brake 
and open the containment vessel vacuum chamber vent. The safety shutdown system 
prevents damage to the model or the facility in the event of a leak in the model or an 
imbalance in the rotating assembly. 

The shaft assembly comprises a main outer shaft with two shorter inner shafts. This 
shaft arrangement was designed for dual fluid paths from each rotary union mounted on 
the ends of the shaft to the rotating assembly. Grooves located on the exterior surface of 
the outer shaft allow instrumentation and power leads to extend from the rotating arm to 
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TEST SECTION ELEMENT IDENTIFICATION 
SIDE WALL TEST SECTION SURFACES 1-32 ARE IN PLANE 
PERPENDICULAR TO VIEW SHOWN 

TEST SECTION SURFACES 33-48 ARE ON " + fi " LEADING PLANE 

TEST SECTION SURFACES (49)-(64) ARE ON " +J2" TRAILING PLANE 

PRESSURE MEASUREMENT LOCATIONS [Q - |j6j Smooth and Skewed Trips 

(T) - @ Normal Trips 


THIRD 

TURN 


HEATED STRAIGHT 
TEST SECTIONS 



GUARD 1 1 
HEATER 

MEASURED 
INLET BULK 
TEMPERATURE 


MEASURED 
OUTLET BULK 
TEMPERATURE 


Figure 3.6- Instrumentation Plan for Coolant Passage Heat Transfer Model. 
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Note: View from the axis of rotation looking radially outward to the model 


Figure 3.7- Test Surface Identification Plan for Coolant Passage Heat Transfer. 
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Figure 3.8- Photograph of Instrumented Coolant Passage Heat Transfer Model With 
Trailing Edge (+ft) Plane Test Section Removed (Two thermocouples 
and thin film heaters mounted on each test section). 



ELECTRICAL 
CONNECTORS 
(2 TYPICAL) 


PNEUMATIC 
CONNECTOR (1) 


BASE 


Figure 3.9- Photograph of Assembled Model Mounted on Base With Pressure Shell Removed. 
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Figure 3.10- Photograph of Model Mounted in Rotating Heat Transfer Facility (Rotating heat 
transfer facility with cover removed). 



Figure 3.11- Schematic Sketch of Rotating Heat Transfer Facility. 
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the rotating portion of the instrumentation slipring. Two slipring assemblies (a 40 channel 
unit located on the upper end of the shaft and a 200 channel unit located on the lower 
end of the shaft) are used to transfer heater power and instrumentation leads between the 
stationary and rotating frames of reference. 

Data Acquisition System 

The data acquisition system contains two major components; the computer and the 
data acquisition control unit. The computer consisted of a processor unit with 128k 
memory, two 20cm (8 in.) floppy disk drives and a DECWRITER II] terminal. The Hewlett 
Packard 3497A data acquisition system can be controlled from the front panel or through 
the interface connected to the computer. The model heater voltages for the 64 heat transfer 
test sections are set manually and adjusted until the required wall surface temperatures 
are obtained. Upon completion of the acquisition of voltage data through the acquisition 
control unit and the computer, results are calculated and printed in engineering units. Flow 
parameter and raw data are stored on disk for future reduction. 

Heater Power Source 

The power supply system provides DC power for the thin film foil resistance heaters 
used to heat the model test section elements. There are 72 individually controlled power 
supplies which are rated for 50 watts of power with a maximum current draw of one amp. 
Individual units can be arranged in parallel as needed to supply additional power. Heater 
supply voltage and the voltage across precision current measurement resistors are measured 
by the data acquisition unit. 

Flow Monitoring System 

Model coolant air is supplied by the UTRC 27 atm (400 psig) air system which is 
regulated to approximately 10 atm (150 psig) at the RHTF. The air flow rate is measured 
with variable area flow meters. The model coolant return air flows through an additional 
flow meter to determine a mass flow balance on the system. The mass flow, inlet and exit, 
were balanced to approximately 3 percent, which was also the total uncertainty in the flow 
measurements. Model pressure is controlled by back pressuring the model air flow system 
with the return air control valve. The maximum mass flow rate available is dependent on 
the model operating pressure and the total pressure loss of the system including the heat 
transfer model. For typical models, the maximum air flow rate is approximately 0.02 kg/sec 
(0.044 lbm/sec). 

3.3 Experimental Procedures 

Data Acquisition 

Testing was conducted with air at dimensionless flow conditions typical of advanced 
gas turbine" designs. The required dimensionless rotation numbers were obtained with 
rotation rates of 1100 RPM or less by operating the model at a pressure of approximately 
10 atmospheres. The model inlet air temperature was typically 27C (80F) and the copper 
elements were held at 49C, 71C, 93C and 116C (120F, 160F, 200F and 240F) for inlet 
coolant-to-wall temperature differences of 22C, 44C, 67C and 89C (40F, 80F, 120F and 
160F). Temperatures of the copper elements w'ere measured with two chromel-alumel 
thermocouples inserted in drilled holes of each element. 

Data Reduction 
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Heat transfer characteristics were determined from a heat balance on each heated test 
surface. The heat added to the coolant by convection was determined from the electrical 
power used to heat each test surface and the heat conducted from the test surface to the 
support structure. Heater supply power for individual model segments was determined by 
multiplying the calculated voltage across each of the microfoil heater leads and the current 
determined from the voltage measured across precision 0.1 ohm resistors. The voltage 
across the microfoil heater leads was determined by accounting for the voltage drop across 
the heater supply leads. The net heat flux (convected heat flux), assuming negligible 
radiation energy transfer, was determined by subtracting the conducted backloss from the 
heater power input. The heat transfer coefficients were based on the projected area rather 
than the total heat transfer surface area due to trip geometry. Note that the total heat 
transfer surface area was 1.11 times the projected area for the normal trip model and 1.15 
times the projected area for the skewed trip model. 

The conduction loss parameter for each heated segment was determined by heating 
the model segments with no coolant flow to a steady state temperature condition and 
measuring the voltage and current required to calculate heater power necessary to maintain 
all the model temperatures. For this condition, the convected heat flux is zero and the total 
heater power is due to the backloss conduction. The conduction backloss parameter is 
calculated by dividing this heater power by the temperature difference of the heated 
segments and the support frame. The bulk temperature used to calculate heat transfer 
coefficients was determined with a thermodynamic energy balance through each discrete 
system of heated segments. 

Nusselt numbers and Reynolds numbers were calculated for each element. The fluid 
properties in the Nusselt and Reynolds numbers were evaluated at the film temperature, 
i.e., T f = (T w + T b )/2. The heat transfer results presented herein have also been normalized 
with a correlation for fully developed, turbulent flow in a smooth tube. The constant heat 
flux Colburn equation, adjusted for constant wall temperature was used to obtain the 
Nusselt number for fully developed, turbulent flow in a smooth tube (Kays and Perkins 
(1973)). The resulting equation for the constant wall temperature condition with a Prandtl 
number equal to 0.72 is as follows. 

Nuoo = 0.0176 * (Re) 0 8 

Data Repeatability and Uncertainty 

Electronic noise in the data signals of the RHTF was present only when the shaft was 
rotating. The probable sources for this electronic noise were (1) rotating instrumentation 
leads through magnetic flux lines generated by the DC motor, (2) motor power controller 
noise and (3) induced alternating currents through the lead and slipring instrumentation 
system generating fluctuating voltages. The voltage data used in the data reduction program 
was obtained by averaging ten successive voltage measurements of each data channel. 
Repeatability of the measurements indicated the calculated mean temperature was 
consistently within 0.2 C (0.4 F) of the mean temperature. 

An uncertainty analysis (Section 13.1) of the data reduction equations using the 
methods of Kline and McClintock (1953) showed that approximately 3/4 of the estimated 
uncertainty in calculating heat transfer coefficient was due to the measurement of 
temperatures in the model. The uncertainty of the heat transfer coefficient is influenced 
mainly by the wall-to-coolant temperature difference and the net heat flux from each 
element. Uncertainty in the heat transfer coefficient increases when either the temperature 
difference or the net heat flux decreases. As X/d increases, the uncertainty in the heat 
transfer coefficients increase because the wall-to-coolant temperature difference 
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decreases. For low heat fluxes (i.e. low Reynolds numbers and on leading surfaces with 
rotation) the uncertainty in the heat transfer also increased. Estimates of the error in 
calculating heat transfer coefficient typically varied from approximately ±6 percent at the 
inlet to ±30 percent at the exit of the heat transfer model for the baseline stationary test 
conditions. The uncertainty in the lowest heat transfer coefficient on the leading side of 
the third passage with rotation is estimated to be 40 percent, primarily due to the uncertainty 
in the calculated bulk temperature. Although the uncertainty analysis was useful in 
quantifying the maximum possible uncertainty in calculating heat transfer coefficient, 
multiple experiments at the same test condition were repeatable within ranges 
approximately half those suggested by the analysis. 
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4.0 EXPERIMENTAL PARAMETERS AND TEST MATRIX 


4.1 Overview 

The present study of heat transfer from a serpentine, square-passage model was 
conducted with two wall trip geometries at dimensionless flow parameters representative 
of those used in axial flow aircraft gas turbines. The serpentine path in the model produced 
the flow and geometric conditions encountered in the internal coolant passages of gas 
turbines: (a) flow radially outward from a radial inle, (b) flow radially outward and from 
downstream of a turn, (c) flow radially inward from downstream of a turn (d) flow in a 
turn at the blade tip and (e) flow in a turn at the blade root. Heat transfer was obtained 
on all four sides of these coolant passages. 

This study was comprised of experiments conducted under the contract and 
supplemental experiments and analyses and interpretation of results conducted under the 
United Technologies Corporation (P&W and UTRC) independent research program. 

4.2 Flow Parameters 

A dimensional analysis study performed at UTRC prior to the onset of the present 
study (Suo, 1980 and reprinted as Section 10 of Hajek et al., 1991), similar to that of Guidez 
(1988), showed that the flow patterns and hence convective heat transfer would be 
influenced by four nondimensional flow parameters and several geometric parameters. The 
nondimensional flow parameters are as follows: 


Reynolds number pV d/p 

Rotation Number Qd/V 


Density Ratio (p b - p w )/p b = (T w - T b )/T w 

Buoyancy Parameter [(p b - p w )/p b ](QR/V)(Qd/V) 


For flow in rotating radial coolant passages, Coriolis forces, represented by the 
nondimensional parameter, Qd/V, and the nondimensional streamwise velocity gradients, 
produce secondary flows in the plane perpendicular to the radial direction. These secondary 
flows are produced by the viscous force/Coriolis force interaction. Buoyancy also produces 
secondary flows in the radial direction. For flow in rotating radial coolant passages with 
walls hotter than the bulk fluid, the buoyancy effects always tend to drive the heated flow 
inward. Thus the buoyancy flow direction is opposite the mean velocity direction for flow 
radially outward and is in the same direction for flow radially inward. From previous 
studies, both the Coriolis and buoyancy forces can be expected to produce significant 
changes to the coolant passage flow field and hence heat transfer. "Rotating 
constant-temperature flow studies by Johnston et al. (1972) have shown that the Coriolis 
forces can dampen turbulent fluctuations and laminarize flow in portions of a channel. 
Combined free and forced convection studies in stationary systems have shown that the 
turbulent shear structure and heat transfer is significantly altered with co-flowine or 
counter-flowing buoyancy effects (Eckert et al, 1953, and Metais and Eckert, 1964). "The 
results from the present experimental study show regions where the viscous, Coriolis or 
buoyancy forces dominate the flow field and regions where the interactions between the 
forces are strong. 
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4.3 Geometric Parameters 

The flow and heat transfer in stationary coolant passages are also strong functions 
of the geometric parameters. Rotation of the coolant passages adds several additional 
geometric parameters. The geometric parameters are as follows: 


Streamwise location 

S/d or X/d 

variable 

Passage aspect ratio 

H/W 

constant 

Trip height 

e/H 

constant 

Trip spacing 

P/e 

constant 

Trip geometry 

curvilinear 

constant 

Trip orientation 

4> 

variable 

Radial location 

R/d 

constant 

Flow direction 

inward, outward 

variable 

Passage orientation 

a 

variable 

Turn location 

tip, root 

variable 

Wall location 

leading, trailing, side 

variable 


Although all eleven of the geometric parameters identified could be important for 
coolant passages in rotating turbine blades, the present study was limited in the following 
manner: 

• The passage aspect ratio (H/W) was fixed at 1.0, the configuration employed 
for the study reported in Volume I - Coolant Passages with Smooth Walls. 

• The radial location (R/d) was fixed for this study at 49. In Volume 1, the 
dimensionless parameter, (£2R/V)(Ap/p) or (Qd/V)(R/d)(Ap/p), in conjunction 
with the rotation parameter, (£2d/V), was shown to correlate the effects of 
buoyancy. 

• The passage orientation was fixed at a = 0 for the normal trip geometry. The 
passage orientation was 0 and 45 deg for the skewed trip model. 

. The trip height (e) was fixed at 10 percent of the coolant passage height (H). 

• The trip spacing, P, was fixed at the passage height, H, to obtain a value of P/e = 
10, typical of the values employed in aircraft gas turbine blades. 

• The trip geometry was curvilinear as shown in Fig. 3.2. The curvilinear shape 
is typical of that obtained in blade casting processes and used to avoid high 
stresses in sharp corners. 

• The trip orientations were chosen to be <J> = 90 deg, normal to the radial direction, 
and <\> = 45, halfway between the normal and radial direction. 

• The trip spacing was staggered on the opposite walls. The trips were located 
on the leading and trailing walls. The heat transfer required from the side or 
rib walls does not generally require augmentation devices. 
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The effect of flow direction and turn location are important and will be identified from 
the experimental results. Entrance effects (streamwise location) are expected to be 
significant in each of the three legs as the flow develops downstream of the inlet and 
downstream of the turns. 

4.4 Test Conditions 

The test conditions for the heat transfer experiments with the normal and skewed trip 
models are tabulated in Tables 4.1 and 4.2 respectively. The variations of Reynolds 
number, rotation numbers and inlet wall to bulk temperature differences for each 
configuration are shown in Figs. 4.1 and 4.2. 

The standard rotating flow condition used in the study was that for tests No. 307 and 
209, Re = 25,000, Ro = Od/V = 0.24, and AT in = 44.4°C (80°F). The original plan was 
to vary parameters only about the standard flow condition, varying only one parameter at 
a time. However at the completion of the original test plan for the smooth wall model, 
it became apparent that the heat transfer relationships were complex and that the viscous, 
Coriolis and buoyancy forces each would dominate the flow field for various combinations 
of the test conditions for each wall trip geometry (i.e. smooth wall, normal trips, skewed 
trips). Therefore, the test matrix was expanded to include a larger range of rotation 
numbers and inlet wall-to-bulk temperature differences. 

The results obtained show first order effects for the following parameters: 

• Reynolds Number - The Reynolds number was varied from 12,500 to 75,000 
for the stationary experiments and from 12,500 to 75,000 for the rotating 
experiments. 

• Rotation Number - The rotation number Od/V (the inverse of the Rossby 
number) and the streamwise velocity gradients are the primary nondimensional 
factors governing secondary flow in the plane perpendicular to the centerline 
of rotating radial ducts. 

• Density Ratio - The density ratio, [ (p b - p w )/p b ], is one of the basic 
nondimensional parameters obtained from several previous dimensional analysis 
of flow in a rotating radial duct. The product of the density ratio and a 
gravitational parameter, (£2 d/V) 2 (R/d), cause secondary flow in the radial 
direction. For this study with heated walls and for the gas turbine blades, the 
buoyancy effect is always radially inward whether the flow direction is radially 
inward or outward. Note: for small variations of pressure, (p L , - p w )/p b = (T w 
- T b )/T w . 

• Streamwise Location - The range of X/d in each passage varies from 0 to 14 
and is in the developing flow region for constant wall temperature conditions. 

• Trip Orientation - The heat transfer coefficients varied with trip orientation. 

• Wall Location - Heat transfer coefficients varied considerably from leading to 
trailing surfaces and on the side or rib walls. 

• Turn Location - The combined effects of Coriolis forces, secondary flows 
produced by the trips, and buoyancy forces caused the heat transfer in the turns 
to vary from root to tip and from smooth to trip geometry. 
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• Passage Orientation - The serpentine model was constructed such that the 
plane, which contains the centerlines of all four passages, could be rotated about 
a radial axis through the geometric centerline of all four evenly-spaced passages. 
For a = 0°, extensions of the centerlines of all four passages would pass through 
the axis of rotation as shown in Figure 9. One side of the square passage 
becomes the leading side, i.e. □-(■. For o; = 45°, each test section passage has 
two leading and two trailing sides, i.e. Of. 

• Flow Direction - The direction of the flow causes the buoyancy, viscous and 
Coriolis forces to interact in a complex manner. Previous investigators 
conducting free and forced convection experiments in stationary tests have 
attributed the differences in heat transfer between flow upward and downward 
to changes in the turbulent structure of the flow. 

4.5 Outline for Presentation of Results 

A total of forty-nine tests were conducted with the two models with normal and skewed 
trips as shown in Tables 4.1, and 4.2 (repeat runs were also obtained under the same 
test number). This report also includes discussion of phenomena in the coolant passages 
developed under United Technologies Corporation independent research program and in 
the preparation of technical papers outside the scope of the contract effort (e.g., Wagner 
et al. 1989, 1990, 1991). In order to make the presentation of the principle results for 
this program tractable and discernible to the reader, the heat transfer data is presented 
in several stages. 

1) The heat transfer results for the rotating and stationary baseline flow conditions are 
presented in Section 5.0. The results from the experiments with normal and skewed 
trips are also compared with results from the baseline experiments with smooth walls. 

2) In Section 6.0, the heat transfer results are presented as a variation of the geometric 
parameters, X/d and wall location about the rotating and stationary standard flow 
condition for both trip geometries. The variations include the Reynolds number, the 
rotation number and the inlet wall to bulk temperature (density ratio) difference for 
the models with normal and skewed trips and the model orientation angle a for the 
model with skewed trip. 

3) In Section 7.0 all the results are presented as a function of two nondimensional flow 
parameters. This presentation will be used to discern the complex heat transfer 
relationships that occur on the leading and trailing surfaces in the straight passages 
for various streamwise locations over a wide range of flow conditions. 

4) Heat transfer results from the side or rib walls are presented in Section 8.0. The results 
from the present experiments with trips are compared to previous results with smooth 
walls. 

5) Heat transfer results from the turn regions are presented in Section 9.0. The results 
from the present experiments with trips are compared to previous results with smooth 
walls. 

6) Results from the present report will be compared with results from previous or other 
concurrent experiments in Section 10. 

7) Recommendations for the pertinent correlating parameters of each region for design 
applications are discussed in Section 11. 
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Table 4.1- Test Matrix For Rotating Heat Transfer Experiments With Normal Trips 

Contract NAS3-23691 


to 


Test UTRC Dimensional Parameters 

No. Run 


Basic Dimensionless 
Parameters 


Secondary Dimensionless Comments 
Parameters 


AT R a Re Ro /AT\ JR_ /££\fo*\ ^ GrxIO 

Or ^ 1 T I. H ( P Jl V / Re 2 




N/m 2 x10' 6 

(psi) 

rpm 

Kg/sec 
( Ib/sec) 

0 C 
(° F) 

cm 

(in) 

deg 


1 

l T An 

d 

\ P /\ V / 

Re^ 



301 

2.10 

1.024 

0 

0.0032 

44.4 

63.5 

0 

12,653 

0.00 

0.13 

49 

0.000 

0.000 

0.00 

No Rotation 



(148.6) 


(0.007) 

(80) 

(25) 










302 

3.9 

1.014 

0 

0.0059 

44.4 

63.5 

0 

25,176 

0.00 

0.13 

49 

0.000 

0.000 

0.00 




(147.0) 


(0.013) 

(80) 

(25) 










303 

4.7 

1.019 

0 

0.0118 

44.4 

63.5 

0 

49,988 

0.00 

0.13 

49 

0.000 

0.000 

0.00 




(147.8) 


(0.026) 

(80) 

(25) 










304 

5.10 

0.998 

0 

0.0177 

44.4 

63.5 

0 

75,270 

0.00 

0.13 

49 

0.000 

0.000 

0.00 




(144.7) 


(0.039) 

(80) 

(25) 










305 

11.7 

1.017 

145 

0.0059 

44.4 

63.5 

0 

25,001 

0.06 

0.13 

49 

0.320 

0.020 

0.12 

Vary Ro 



(147.5) 


(0.013) 

(80) 

(25) 









Hold T, Re 

306 

8.8 

1.022 

275 

0.0059 

44.4 

63.5 

0 

24,998 

0.12 

0.13 

49 

0.604 

0.071 

0.44 




(148.3) 


(0.013) 

(80) 

(25) 










307 

16.11 

1.019 

550 

0.0059 

45.0 

63.5 

0 

24,957 

0.23 

0.13 

49 

1.209 

0.281 

1.75 




(147.8) 


(0.013) 

(81) 

(25) 










308 

26.12 

1.021 

825 

0.0059 

45.0 

63.5 

0 

24,769 

0.35 

0.13 

49 

1.755 

0.606 

3.72 




(148.1) 


(0.013) 

(81) 

(25) 










309 

12.9 

1.022 

145 

0.0032 

44.4 

63.5 

0 

12,546 

0.12 

0.13 

49 

0.607 

0.070 

0.12 

Vary Re 



(148.2) 


(0.007) 

(80) 

(25) 









Hold T, Ro 

310 

17.7 

1.031 

550 

0.0118 

44.4 

63.5 

0 

49,938 

0.12 

0.13 

49 

0.652 

0.079 

1.97 




(149.6) 


(0.026) 

(80) 

(25) 










311 

27.8 

1.017 

825 

0.0177 

45.6 

63.5 

0 

74,756 

0.12 

0.13 

49 

0.654 

0.078 

4.37 




(147.5) 


(0.039) 

(82) 

(25) 










312 

18.10 

1.022 

550 

0.0059 

22.8 

63.5 

0 

24,864 

0.24 

0.07 

49 

0.694 

0.170 

1.05 

Vary T, Ro 



(148.3) 


(0.013) 

(41) 

(25) 









Re = 25,000 

313 

19.14 

1.021 

550 

0.0064 

89.4 

63.5 

0 

24,758 

0.23 

0.23 

49 

2.120 

0.486 

2.98 




(148.1) 


(0.014) 

(161) 

(25) 











Table 4.1- Test Matrix For Rotating Heat Transfer Experiments With Normal Trips (Concluded) 

Contract NAS3-23691 


Test UTRC Dimensional Parameters Basic Dimensionless Secondary Dimensionless Comments 

No. Run Parameters Parameters 




P 

N/m 2 x10' 6 

(psi) 

n 

rpm 

m 

Kg/sec 
( Ib/sec) 

At 

0 C 
(° F) 

R 

cm 

(in) 

a 

deg 

Re 

Ro 

(“L 

R 

d 


Gr 

Re 2 

GrxIO' 8 

401 

20.8 

1.021 

145 

0.0059 

22.2 

63.5 

0 

25,026 

0.06 

0.07 

49 

0.180 

0.012 

0.07 



(148.1) 


(0.013) 

(40) 

(25) 









402 

22.8 

1.019 

145 

0.0064 

88.9 

63.5 

0 

24,982 

0.06 

0.23 

49 

0.591 

0.037 

0.23 



(147.8) 


(0.014) 

(160) 

(25) 









403 

21.5 

1.022 

275 

0.0059 

22.2 

63.5 

0 

24,942 

0.12 

0.07 

49 

0.340 

0.042 

0.26 



(148.2) 


(0.013) 

(40) 

(25) 









404 

23.7 

1.019 

275 

0.0064 

88.9 

63.5 

0 

24,866 

0.11 

0.23 

49 

1.094 

0.127 

0.79 



(147.8) 


(0.014) 

(160) 

(25) 









406 

31.9 

1.020 

825 

0.0059 

23.3 

63.5 

0 

25,134 

0.35 

0.08 

49 

0.998 

0.355 

2.25 



(148.0) 


(0.013) 

(42) 

(25) 









405 

30.10 

1.020 

825 

0.0064 

82.2 

63.5 

0 

24,434 

0.35 

0.22 

49 

2.724 

0.910 

5.44 



(148.0) 


(0.014) 

(148) 

(25) 










NOTES: Re = pVd/p Gr/Re 2 = ( Ap / p H^R/VX^d/V) 

Ro = fid/V Gr = ( Ap/p )CnR/V)(^d/V)(pVd/p.) 2 


Table 4.2- Test Matrix For Rotating Heat Transfer Experiments With Skewed Trips 

Contract NAS3-23691 


CT\ 


Test UTRC Dimensional Parameters Basic Dimensionless Secondary Dimensionless Comments 

No. Run Parameters Parameters 


P ft m AT R a Re Ro 




N/m 2 x10‘ 6 

(psi) 

rpm 

Kg/sec 
( Ib/sec) 

0 C 
(° F) 

cm 

(in) 

deg 



201 

6.7 

1.018 

0 

0.0059 

45.0 

63.5 

0 

25,337 

0.000 



(147.7) 


(0.013) 

(81) 

(25) 




202 

9.9 

1.019 

0 

0.0027 

44.4 

63.5 

0 

12,490 

0.000 



(147.8) 


(0.006) 

(80) 

(25) 




203 

8.8 

1.031 

0 

0.0113 

44.4 

63.5 

0 

50,801 

0.000 



(149.5) 


(0.025) 

(80) 

(25) 




204 

10.8 

1.000 

0 

0.0177 

44.4 

63.5 

0 

75,351 

0.000 



(145.0) 


(0.039) 

(80) 

(25) 




205 

25.9 

1.015 

15 

0.0059 

44.4 

63.5 

0 

25,128 

0.006 



(147.2) 


(0.013) 

(80) 

(25) 




206 

28.10 

1.018 

145 

0.0059 

44.4 

63.5 

0 

25,206 

0.060 



(147.7) 


(0.013) 

(80) 

(25) 




207 

14.10 

1.016 

275 

0.0059 

44.4 

63.5 

0 

24,907 

0.120 



(147.3) 


(0.013) 

(80) 

(25) 




208 

33.10 

1.011 

412 

0.0059 

44.4 

63.5 

0 

24,981 

0.180 



(146.7) 


(0.013) 

(80) 

(25) 




209 

17.10 

1.018 

550 

0.0059 

44.4 

63.5 

0 

24,037 

0.230 



(147.7) 


(0.013) 

(80) 

(25) 




210 

48.8 

1.016 

825 

0.0059 

45.0 

63.5 

0 

24,582 

0.340 



(147.4) 


(0.013) 

(81) 

(25) 




211 

30.11 

1.020 

145 

0.0032 

44.4 

63.5 

0 

12,574 

0.120 



(147.9) 


(0.007) 
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0 

50,066 
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0.13 
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Table 4.2- Test Matrix For Rotating Heat Transfer Experiments With Skewed Trips (Cont.) 
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Test UTRC Dimensional Parameters Basic Dimensionless Secondary Dimensionless Comments 

No. Run Parameters Parameters 




P 

N/m Z x10' 6 

(psi) 

n 

rpm 

m 

Kg/sec 
( Ib/sec) 

At 
0 c 

(° F) 

7 

cm 

(in) 

a 

deg 

Re 

Ro 

(*L 

R 

d 


Gr 

Re 2 

GrxIO’ 8 
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at Re=25,000 
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Table 4.2- Test Matrix For Rotating Heat Transfer Experiments With Skewed Trips (Concluded) 
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Test UTRC Dimensional Parameters Basic Dimensionless Secondary Dimensionless Comments 

No pun Parameters Parameters 




P 

N/m 2 x10* 6 
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n 
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Kg/sec 
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Re 
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R 
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Gr 
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Variation 
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Figure 4.1- Test Conditions for Parametric Rotating Heat Transfer Study With Normal Trips. 
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Figure 4.2- Test Conditions for Parametric Rotating Heat Transfer Study With Skewed Trips. 
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5.0 HEAT TRANSFER RESULTS FOR BASELINE FLOW CONDITIONS 


Two baseline experiments, stationary and rotating, were conducted with both the 
normal and skewed trip models to obtain data for comparison with the smooth wall model 
data generated in this program. The stationary and rotating baseline experiments had 
dimensionless flow conditions which consisted of a Reynolds number of 25,000 and an inlet 
density ratio, [(p b - p w )/p b ] = (T w -T b )/T w , of 0.13. The rotating baseline experiments had 
rotation numbers, Od/V, of 0.24 and a radius ratio at the average model radius, R/d, equal 
49. These values were selected because they are in the central region of the operating 
range of current large aircraft gas turbine engines. 

5.1 Stationary Baseline Flow Condition 

Streamwise variations of Nusselt number for the stationary baseline test are shown 
in Figure 5.1. The Nusselt number for fully developed, turbulent flow in a smooth tube 
with constant wall temperature and the results from the smooth wall experiments (Volume 
1) are shown for comparison. 

The heat transfer from the walls with normal and skewed trips (denoted leading and 
trailing surface, Figure 5.1) in the first outward straight (3 < (X/d or S/d) < 14) passage 
have heat transfer coefficients more than two and three times the fully-developed, 
smooth-wall correlation. Note that the heat transfer coefficients for the models with the 
normal and skewed trips do not decrease significantly with X/d in each passage as they 
did for the model with the smooth walll. Some differences in heat transfer are observed 
between the leading and trailing surfaces in the two models for this stationary baseline 
condition. The exact cause of the difference is not known but may be due to the staggering 
of the trips on the two surfaces (Figures 3.4 & 3.5). The heat transfer coefficients on the 
side (or rib) walls (Figures 5.1) were less those that on the leading and trailing surfaces 
with trips. However the heat transfer with either set of trips was 20 to 100 percent greater 
than with the smooth walls. This increase in heat transfer on the side walls was attributed 
to increased velocity due to blockage of the trips for X/d=4 and to the increased turbulence 
level in the coolant passage for X/d=8 and 12. Note also that the heat transfer for sidewall 
segments 1-18 of the skewed trip model increases markedly at X/d=8 and 12. This increase 
was attributed to the secondary flow toward side test surfaces 1-5 (Figure 3.6) from the 
center of the coolant passage with a colder temperature. The secondary flow was caused 
by the trips skewed at 45 deg to the flow direction. The heat transfer coefficients on the 
trip model with skewed trips are 10 to 30 percent greater than those on the model with 
normal trips. The model with skewed trips has approximately five percent greater surface 
area on the leading surface than the model with normal trips. Therefore most of the 
increase in heat transfer with skewed trips compared to that with normal trips is attributed 
to the changes in the flow characteristics. 

The heat transfer coefficients measured in the remaining two passages (i.e., 20 < S/d 
< 48) show similar characteristics. The heat transfer characteristics in the second passage 
are generally similar to those in the first passage with heat transfer on all walls for the 
model with the skewed trips greater than that with the normal trips. The large increase 
in heat transfer on the leading side of the model at S/d=21 was attributed to the convection 
interaction of the secondary flow patterns (vorticity) in the first channel through the first 
180 deg turn and the concentration of vorticity adjacent to the leading edge (for this 
stationary experiment). 

The heat transfer in the turn regions was generally the same for the present experiment 
with normal and skewed trips compared to the previous smooth wall experiments. The 
modest changes on the leading and trailing surfaces of the turn sections are attributed in 
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Figure 5.1- Effect of Trip Configuration on Heat Transfer for Stationary Baseline Flow Conditions. 
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part to the differences in the velocity profiles expected at the entrance to the turn regions. 
For the smooth wall flow condition, the velocities are expected to be high in the corners 
of the duct (e.g. Schlicting, 1968). For flow over normal trips, the velocity can be expected 
to be peaked in the center of the channel due to the large momentum losses at each trip. 
The changes in heat transfer on the sides (outside walls of turn sections) attest to the 
complexity of the flow structure in the turns and is not yet explained. 

5.2 Rotating Baseline Flow Condition 

The streamwise distribution of the dimensionless heat transfer coefficient (i.e. Nusselt 
Number) for the heat transfer models with normal and skewed trips for the Rotating 
Baseline Flow Condition ]Re=25,000; Ro=0.24; (Ap/p) inlel = 0.13] are presented in Fig. 5.2. 
Also shown are the results from the Rotating Baseline Flow Condition for the heat transfer 
model with smooth walls. The heat transfer characteristics for the models with trips and 
rotation are similar to those for the model with smoother walls. That is, in the first passage 
with flow outward, the heat transfer increases on the trailing side and decreases on the 
leading side. In addition, in the straight passages, the relative position of the heat transfer 
coefficients remain the same as for the Stationary Baseline Flow Condition. 

The model with the skewed trips has the highest and the model with the smooth walls 
has the lowest heat transfer coefficients on the leading and trailing sides and on most of 
the side wall heat transfer surfaces. However, the ratio of the heat transfer coefficients 
at each streamwise location varies. At some locations, the heat transfer with the skewed 
trips is only 5 percent greater than that with normal trips; an increase approximately the 
same as the actual heat transfer surface area. (Recall that the heat transfer coefficients 
are based on projected surface area.) 

The largest difference between the heat transfer from the models with skewed and 
normal heat transfer occurs on the trailing surfaces (Figure 5.2) in the second passage 
streamwise locations GHI or 19 < S/d <31. In this region, the heat transfer with the normal 
trips is closer to the smooth wall than that with the skewed trips. This anomaly is attributed 
to the formation of buoyancy-driven cells between the trips on this trailing surface with 
flow radially inward. The authors’ hypothesis is that the secondary flow produced by the 
skewed trips precludes a recirculating flow, like that describd for the normal trips, and 
the accompanying lower heat transfer coefficients with the normal trips. This model is 
compatible with the results for calculated flows in circular ducts with square trips (Taylor 
et al. 1991). 

The heat transfer in the turn regions with rotation is more complex. For the first turn 
at the model tip (outside radius), the heat transfer coefficients with the smooth wall model 
are the highest on all three surfaces. For the second turn at the model root (inside radius), 
the heat transfer with the smooth model is the lowest. These effects are attributed to the 
complex flows produced during the convection of secondary flow patterns produced in the 
straight passage sections upstream of each turn by each of the three wall surfaces (smooth, 
normal trips, skewed trips). Additional analytical effort will be required to delineate the 
causes for these effects. 

5.3 Comparison of Stationary and Rotating Results 

The streamwise distributions of heat transfer ratio for the rotating baseline condition 
are also shown in Figures 5.3a and 5.3b for the models with the normal trips and the skewed 
trips. These data, previously presented in Figs. 5.1 and 5.2, show the effects of rotation. 
These results and those discussed in the following sections are shown as heat transfer 
ratio, Nu/Nuoo- Nu TO is that expected from the Kays and Perkins (1973) correlation for 
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Figure 5.2- Effect of Trip Configuration on Heat Transfer for Rotating Baseline Flow Conditions. 
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fully developed, turbulent flow. The results are shown in this manner to minimize effects 
of Reynolds number variations from test to test. 

The most important feature of the results from the model with the normal trips (Figure 
5.3a) is the decrease in heat transfer on the “low pressure” sides of the model. The low 
pressure sides are the leading surfaces for flow outward (X/d < 14) and the trailing surfaces 
for flow inward (X/d < 31). The lowest values of Nu/Nuoo are less than one-half the 
nonrotating values and approach 1.0, the value for flow for a smooth tube. The heat 
transfer on the high pressure side of the coolant passage with flow outward (i.e., the trailing 
surfaces) increases about 50 percent compared to the stationary case. However, the heat 
transfer on the leading surface for flow inward does not increase noticeably, but does 
decrease significantly on the trailing surface. These results are qualitatively similar to those 
obtained for the smooth wall model. Further comparison with the smooth wall model results 
will be made in a later section. The baseline results with rotation showed significant 
changes in the heat transfer in the first passage on the leading, trailing, and turn surfaces 
but relatively smaller changes on the sidewall surfaces, not shown in Figure 5-3a. 

The streamwise distributions of heat transfer ratio for the rotating and stationary 
baseline flow conditions from the leading and trailing surfaces of the model with the skewed 
trips are shown in Figure 5.3b. The most important feature of these results is the decrease 
in heat transfer on the “low pressure” sides shown for the leading surfaces for flow outward 
(S/d < 14). The lowest values of Nu/Nuqo are less than one-half the nonrotating values. 
The heat transfer on the high pressure side of the coolant passage with flow outward (i.e., 
the trailing surfaces) increases about 20 percent compared to the stationary case. However, 
the heat transfer on the leading and trailing surfaces for flow inward does not increase 
or decrease appreciably. These results are qualitatively similar to those obtained for the 
smooth wall model. The heat transfer coefficients on the leading surface of the third 
passage with flow upward did not decrease significantly due to rotation as occurred in the 
first passage. This difference is attributed to the secondary flows generated in the root 
turn. Further comparison with the smooth wall model results will be made in a later section. 

The increase due to rotation in heat transfer from the models with the trips in the 
second and third passages was generally less than that obtained in the first outward straight 
section. This general reduction in heat transfer was attributed primarily to the development 
of well mixed flow in the coolant passages downstream of the turns and, possibly, the 
increased uncertainty in the bulk temperature at these downstream locations. (The 
increased heat transfer compared to the smooth wall model causes the difference between 
bulk temperature and the wall temperature to decrease and hence the uncertainty of the 
heat transfer coefficient determined to increase.) 

5.4 Concluding Comments for Baseline Flow Conditions 

The comparison of stationary and rotating results for the Baseline Flow Condition 
results from the models with normal and skew trips and previous results from the model 
with smooth walls showed several significant effects of rotation: 

• On the low pressure surface (leading side on outward flow and trailing side on 
inward flow), rotation can decrease the heat transfer coefficient for normal trips 
to less than half the value for the stationary model. The effect of rotation is 
less significant for the skewed trips on the second and third passages. 

• On the high pressure surface (trailing side on outward flow and leading side 
on inward flow), heat transfer coefficients increase significantly with rotation 
in the first passage, but are approximately the same for the second and third 
passages. 
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Figure 5.3- Comparison of Heat Transfer for Stationary and Rotating Baseline Flow Conditions. 
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6.0 HEAT TRANSFER RESULTS FOR VARIATION OF PARAMETERS 
ABOUT BASELINE FLOW CONDITIONS 

The test matrices for all three wall configurations, i.e., smooth, normal trips, skewed 
trips, were originally planned to have only variations of the flow parameters about the 
Rotating Baseline Flow Condition. During the experiments with the smooth wall model 
it became apparent that the character of the heat transfer and flow was complex and 
changed markedly with changes in the rotation number (Od/V) and the inlet density ratio 
(Ap/p) ln i et . Subsequently, the test matrices were enlarged for all three model wall 
configurations to include more test conditions with varying inlet density ratios and for the 
rotation numbers where the character of the flow changes. Results from the variations 
about the rotating baseline flow conditions provide a great deal of insight into the 
cause/effect relationships. 

The results from the experiments will be presented in two manners. First, the effects 
of varying each flow parameter about the Rotating Baseline Flow Condition on the local 
heat transfer coefficients in each model will be shown (Section 6) as a variation with the 
streamwise location for each surface. In addition, the effects of varying the Reynolds 
number about the Stationary Baseline Flow Conditions for each configuration will be shown. 
These stationary results will be used to establish the use of the Reynolds number exponent 
(i.e, 0.8) relationship for the comparison of results. Second, the effects of varying all the 
flow conditions on the heat transfer coefficients at specific locations within the model will 
be shown in Sections 7 to 9 for the models with the normal and skew trips. The results 
from previous tests in this program for the model with smooth walls will also be compared 
at these specific locations. 

6.1 Effects of Reynolds Number 

The variation of the heat transfer ratio, Nu/Nuqq, at stationary conditions on the leading 
and trailing surfaces with streamwise location (S/d), are presented in Figures 6.1 and 6.2 
for Reynolds numbers of approximately 12,500, 25,000, 50,000 and 75,000. The heat 
transfer coefficients are normalized with those expected for fully developed flow in a 
smooth tube at the same streamwise Reynolds number (note the local bulk and film 
properties were used in the calculation of the heat transfer ratio). 

The heat transfer ratios for the three highest Reynolds numbers are identical within 
the accuracy of the experiment for the model with normal trips (Figure 6.1). The heat 
transfer ratio for Re = 12,500 is 10 to 15 percent higher than those for the higher Reynolds 
numbers. This increase in heat transfer ratio is attributed to Reynolds number effects. 
However, some of the differences could be attributed to uncertainties in the results at the 
lower Reynolds number where the effects of the uncertainty in the heat losses through the 
model increase as the convective heat flux decreases. 

The variation of the heat transfer ratio at stationary conditions with Reynolds number 
for skewed trips (Figure 6.2) is larger than for the model with normal trips. The results 
for Re = 50,000 and 75,000 are essentially identical. However, the results for Re = 12,500 
and 25,000 are 10 to 20 percent greater than those for Re = 50.000 and 75,000. The heat 
transfer ratio on the side (or rib walls - not shown) were approximately the same (i.e. 
within 5 percent) for the flow in the first two channels for both models. 

The streamwise variation of heat transfer ratio, Nu/Nuqo, is presented in Figures 6.3 
and 6.4 for Reynolds numbers from 12,500 to 75,000, for a fixed rotation number, Ro = 
0.12, and a fixed inlet density ratio, (Ap/p) in i e i = 0.13 from models with normal (Figure 
6.3) and skew trips (Figure 6.4). The heat transfer coefficient from each streamwise 
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location is made dimensionless with respect to the heat transfer coefficient for a fully 
developed flow in a smooth duct. 

The heat transfer ratio for Re = 50,000 and 75,000 at all locations in both models 
are well correlated by use of the Kays and Perkins correlation. Results for the leading 
surfaces in the first passage of both models and the trailing surfaces in the second passage 
with the skewed trip model are especially well correlated. The variations between the 
heat transfer ratios for Reynolds number equal 25,000 and those for 50,000 and 75,000 
are generally less than 10 percent for both models with trips. The variation for Reynolds 
numbers of 12,500 is somewhat greater, especially in regions with the highest heat transfer 
coefficients. 

The conclusion from these rotating and stationary experiments was that the 
relationship for fully developed flow in a square duct with smooth walls, Nuoo = 0.0176 
Re 0 8 , would be adequate for scaling the effects of Reynolds number on the heat transfer 
ratio. 

6.2 Effect of Rotation 

The rotation number, Qd/V, was varied from 0 to 0.35 for this series of flow conditions. 
The Reynolds number, inlet density ratio and radius ratio were held constant at the nominal 
values of 25,000, 0.13 and 49, respectively. The heat transfer ratios for the models with 
the normal and skewed trips are presented in Figures 6.5 and 6.6, respectively. 

The heat transfer ratios for both models vary significantly, i.e. a factor of 2, on the 
leading and trailing surfaces. The decrease in heat transfer coefficient due to rotation on 
the leading surface of the first passage is approximately the same for both models, that 
is, the heat transfer decreases to approximately one-half the stationary value for Ro = 0.24. 
However, the effects of rotation are somewhat different in the two models on the other 
surfaces and in the second and third passages. The variations are attributed to the different 
secondary flow patterns induced in each model by the normal or skewed trip configurations 
and the different effects of the conservation of vorticity through turn regions on the heat 
transfer in the second and third passage. These effects will be noted in this and following 
sections. Although the various effects are recognized, their relative importance regarding 
the heat transfer is difficult to estimate. The current (i.e. 1989-1991) analyses of flows 
in complex rotating coolant passages are providing insight into the flow and heat transfer 
characteristics of turbine blade internal cooling. 

Normal Trips 

High Pressure Surfaces. Increasing the rotation rate causes significant increases in 
heat transfer on the trailing surfaces (Figure 6.5) of the first passage but relatively small 
increases occurred on the leading surfaces in the second passage. Heat transfer in the 
first passage increased by more than 60 percent for the largest value of rotation parameter 
(0.35) compared to stationary heat transfer values. The substantial increases in heat 
transfer in the first passage are consistent with the results of Rothe and Johnston (1979). 
They found that as rotation rate was increased, the reattachment length after a step 
decreased. For the trip spacing of the present program (P/e = 10), this would translate 
into an increase in the effective heat transfer area between the trips with attached, turbulent 
flow, thereby, causing an increase in the heat transfer. Compared to the stationary results, 
the heat transfer on the leading, high pressure side of the second passage increased 
approximately 10 percent. The effects on heat transfer due to Coriolis generated secondary 
flows and flow reattachment might be expected to be approximately the same for the first 
and second passages. The differences in heat transfer between the outward and inward 
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Figure 6. 1- Effect of Reynolds Number on Heat Transfer Ratio for Normal Trips and No Rotation. 
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Figure 6.3- Effect of Reynolds Number on Heat Transfer Ratio for Normal Trips and a 
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Figure 6.4- Effect of Reynolds Number on Heat Transfer Ratio for Skewed Trips and a 
Rotation Number of 0. 12. 
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Figure 6.5- Effect of Rotation Number on Heat Transfer Ratio for Normal Trips. 
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Figure 6.6- Effect of Rotation Number on Heat Transfer Ratio for Skewed Trips. 
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flowing passages are therefore attributed to the different effects of buoyancy in the 
counter-flowing first passage (radially outward flow) and the co-flowing second passage 
(radially inward flow). In general, the trends noted above are compatible with those 
obtained for the smooth wall test surfaces in the same model (Wagner et al., 1990). 

The small increase in the heat transfer ratio on the high pressure (leading surface) 
side of the second passage (trailing surface) relative to the first passage is attributed to 
a reduction in the generation of near-wall turbulence. In the first passage, the near-wall 
buoyancy driven flow was inward toward the axis of rotation and the coolant flow was 
outward. This counter flow is expected to generate additional near-wall turbulence due 
to the strong shear gradient. The large increases in heat transfer in the first passage are 
attributed to the destabilizing effects of the shear flow combined with the cross stream 
secondary flows generated by Coriolis forces. However, when the average flow direction 
and the buoyancy-driven near-wall flow direction are coincident, as in the second passage, 
the generation of near-wall turbulence may be diminished because of the relatively weaker 
near-wall shear layer. The expected lower near-wall turbulence and weaker shear flows 
may also contribute to increases in reattachment lengths following the trips. Therefore, 
the reduced effects of the buoyant and the cross stream secondary flows coupled with 
possible increases in reattachment lengths in the second passage may have resulted in lesser 
changes in heat transfer. The magnitude of the buoyancy effect on the heat transfer is 
unclear in that the buoyancy effect on the heat transfer in the second passage may be zero 
(which implies a modest Coriolis dominated heat transfer increase) or negative (which 
implies a larger Coriolis dominated heat transfer increase which is offset by a reduction 
due to buoyancy). Future results from concurrent numerical simulations of these flow 
conditions are expected to assist in the understanding of this complex flow field. 

Low Pressure Surfaces. In contrast to the continual increase in heat transfer with 
increasing rotation number on the trailing side, the heat transfer ratio decreases with 
increasing rotation number on the leading side of the passage near the inlet, i.e. x/D < 
4 (Figure 6.5). For the remaining locations on the leading side of the passage, the heat 
transfer ratio decreases and then increases again with increasing rotation number. Heat 
transfer from the trailing, low pressure surfaces of the second passage also had large 
decreases in heat transfer. Heat transfer in the first passage leading surface and second 
passage trailing surface decreased to almost 50 percent of the stationary heat transfer levels. 
In both passages, the heat transfer decreased and then subsequently increased again as 
the rotation rate was increased. 

The decreases in the heat transfer ratio are attributed to the cross-stream flow patterns 
as well as the stabilization of the near-wall flow on the leading side of the passage, e.g. 
Johnston et al. (1972). The cross-stream flows cause heated, near-wall fluid from the 
trailing and sidewall surfaces to accumulate near the leading side of the coolant passage 
resulting in reduced heat transfer. In addition, as described by Rothe and Johnston (1979), 
it can be expected that flow reattachment after trips on low pressure surfaces occurs at 
larger distances from the trips with increasing rotation number. Longer reattachment 
lengths, due to the stabilizing effects, will decrease the effective heat transfer area between 
trips, thereby, further reducing the turbulent transport of heat. The increase in the heat 
transfer ratio in the latter half of the coolant passage for the larger rotation numbers is 
attributed to buoyancy effects, possibly caused by buoyancy enhanced flow in the 
recirculation cells downstream of the trips. These effects of rotation are noted for the low 
pressure surfaces in both the first and second passages, with flow radially outward and 
radially inward, respectively. These results suggest that the decrease in heat transfer on 
low pressure surfaces with trips is dominated by Coriolis generated cross-stream flows 
which cause a stabilization of the near-wall flows and that the heat transfer on the high 
pressure surfaces is affected by a combination of Coriolis and buoyant effects. Therefore, 
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it can be expected that the correlations of local heat transfer data may be substantially 
different, depending on local flow conditions (i.e. due to differing near-wall shear 
gradients). 

The effects of rotation on the heat transfer in the model with normal trips were 
significant in several locations. The decreases in heat transfer on the low pressure surfaces 
of the first (leading surface) and second (trailing surface) passages are approximately 50 
percent of the stationary values. The decreases in the heat transfer on the side walls and 
on the trailing surfaces of the second turns (root location) are similar (40 to 60 percent). 
The increase in heat transfer coefficient on the trailing surface of the first passage is 
significant: from 2.5 times Nuoo (stationary) to 4.0 times Nuoo (Ro = 0.35). Note that 
smaller increases occurred due to rotation on the leading surface of the second passage 
and the trailing surface of the third passage. The small effects of rotation on the leading 
surface of the second passage were attributed to changes in the turbulent transport for the 
smooth wall model. The smaller increases in the trailing surface of third passage are 
attributed to unknown interactions through the second turn. 

Skewed Trips 

The effects of rotation on the heat transfer in the model with skewed trip strips shown 
in Figure 6.6 were similar in most respects to the effects from the model with normal trips. 
The differences are discussed in the following paragraphs. 

The heat transfer on the first test surface (streamwise location G) of the leading surface 
downstream of the first turn was consistently higher than at other locations. This increase 
was attributed to the vorticity distribution downstream of the turn w'hich was a result of 
the secondary flow caused by the skewed trips in the first passage. This particular effect 
was not measured for the models with smooth walls or normal trips (see Figure 5.3). 

The heat transfer on the trailing surface of the second passage and on the leading 
surface of the third passage was less sensitive to rotation than the same surfaces with normal 
trips. The decreased sensitivity is attributed to the secondary flow patterns caused by the 
skewed trips. These differences will be discussed again when the full set of data is 
presented. 

Streamwise Location 

With trips, the heat transfer does not usually vary appreciably with streamwise 
location. The large decrease in heat transfer with increasing distance from the inlet 
measured in the model with smooth walls does occur with the trips. The exception occurs 
for flow downstream of turns with the skewed trips where the upstream vorticity has been 
convected to one side of the model and the flow readjusts in the new passage. The effects 
of flow direction were generally the same for the models with trips as for the models with 
smooth walls. The largest effects of flow direction occurred on the high pressure side 
of the coolant passage. For flow outward, a modest increase in heat transfer ratio occurred 
for the trailing surface. For flow inward, the heat transfer on the leading surface was 
essentially independent of rotation number and density ratio. 

6.3 Effect of Density Ratio 

The inlet density ratio, (Ap/p) in . was varied from 0.07 to 0.23 for this series of flow 
conditions shown in Figures 6.7 and 6.8. The Reynolds number, rotation number and 
radius ratio were held constant at the baseline values of 25,000, 0.24 and 49, respectively. 
Heat transfer was obtained at a fixed rotation number and, therefore, conclusions can be 
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Figure 6.7- Effect of Density Ratio on Heat Transfer Ratio for Normal Trips. 
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obtained regarding the effects of buoyancy for flow conditions near the rotating baseline 
flow conditions. 

Increasing the inlet density ratio (i.e., the wall-to-coolant temperature difference) 
from 0.07 to 0.23 causes the heat transfer ratio in the first passage of the model with normal 
trips to increase on all trailing surfaces by as much as 25 percent and on the leading 
surfaces by as much as 15 percent. The exception to the general increase in heat transfer 
with increasing density ratio occurred near the inlet of the first passage on the leading side, 
where the heat transfer ratio is observed to be relatively unaffected by varying density ratio. 
Heat transfer in the second, inward flowing passage on the low pressure side increased 
as much as 70 percent with increases in the temperature difference (Figure 6.7). (Larger 
effects of density ratio were obtained for a rotation number of 0.35.) 

The effect of inlet density ratio on the streamwise distribution of heat transfer ratio 
for the model with skewed trips and at the other baseline flow conditions is shown in Figure 
6.8. The effects of density ratio on the leading and trailing surfaces are somewhat larger 
for the model with skewed trips than were measured for the model with normal trips for 
R c = 0.24. 

6.4 Effects of Model Orientation 

Heat transfer experiments were conducted with the plane of the coolant passages 
rotated 45 degrees to the axis of rotation (a; = 45 deg) for the model with skewed trips. 
See Figure 3.7 for the model orientation. The scope of the program did not permit 
experiments with the coolant passages rotated in the same orientation for the model with 
normal trips. 

The effect of model orientation on the streamwise distribution of heat transfer ratio 
for the four surfaces is presented in Figure 6.9. The heat transfer ratios for the Rotating 
Baseline Flow Conditions are presented for oi = 0 and 45 degrees. In the first coolant 
passage, orientation of the model from o; = 0 to oc = 45 degrees caused the heat transfer 
ratio to decrease on both side walls and the trailing side and to increase or remain the 
same on the leading side. In the second passage, small decreases in the heat transfer ratio 
occurred on all four sides of the coolant passage. The conclusion from this presentation 
is that the heat transfer ratios can increase or decrease 20 to 30 percent with the coolant 
passage orientation up to 45 degrees from the a = 0 orientation. 
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Figure 6.9- Effect of Model Orientation (Alpha) on Heat Transfer Ratio for Skewed Trips. 
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7.0 HEAT TRANSFER RESULTS FOR LEADING AND TRAILING SURFACES 


The heat transfer relationships in the models with normal and skewed trips are 
complex. The spatial variations in the heat transfer ratio caused by the variation of the 
individual. flow parameters about the Rotating Baseline Flow Condition were discerned in 
Section 6. In this section, the heat transfer ratios will be presented for specific locations 
on the leading and trailing surfaces in the three passages . The heat transfer ratios will 
be presented as 

1) the variation of local rotation number for each inlet density ratio, 

2) the variation with local density ratio for each rotation rate, and 

3) the variation with the buoyancy parameter (identifying results from 
each rotation rate). 

The results from the model with smooth walls are also presented for comparison. 
With these three presentations, the similarities and differences of the heat transfer 
characteristics from the three models with normal and skewed trips and with smooth walls 
can be identified and discussed. This presentation also serves as a data base for thermal 
design of radial rotating coolant passages. 

7.1 Variation with Rotation Number 

The heat transfer ratios for the leading and trailing surfaces in the three straight 
passages are presented in Figures 7.1, 7.2 and 7.3. The test surface identification number 
(Fig. 3.6), the streamwise location (Fig. 3.1) and the X/d ratio from the start of each straight 
section are also shown on each panel of the figure. 

High Pressure Surfaces. The trailing surfaces of the first and third passages and the 
leading surface of the second passage are denoted as the high pressure surfaces (Figures 
7.1 , 7.2, and 7.3). In the first and third passages of both models with trips, the heat transfer 
coefficients increase with increasing rotation number at approximately half the slope as 
the model with smooth walls. In the first two passages, the heat transfer from the models 
with trips is essentially independent of inlet density for Ro < 0.24. The uncertainty in the 
heat transfer measurements in the third channel increases due to small bulk to wall 
temperature differences for the low inlet density ratios. However, the results for the third 
passages with trips show characteristics similar to those for the third passage with smooth 
walls. Increasing the rotation number caused the trip strip model’s heat transfer ratios 
to increase up to 75 percent over the non-rotating condition. 

Low Pressure Surfaces. The heat transfer behavior for the low pressure surfaces is 
more complex than for the high pressure surfaces. The heat transfer ratio in the first 
passage with both the normal and skewed trips decreases with increasing rotation number 
for low values of the rotation number, i.e. Od/V < 0.25 and then increases with increases 
in rotation for larger values of rotation number depending on density ratio. The heat 
transfer ratio increases with increases in the density ratio, similar to the results obtained 
for the trailing surface of the first passage. 

The effects of varying inlet density ratio (from 0.07 to 0.23) on the heat transfer ratio 
are larger in the second passage with normal trips radially inward flow than in first passage 
(a factor of three for the second passage compared to a factor less than two for the first 
passage). Note that the local density ratios in the second passage are about half of the 
inlet values as will be shown in Figure 7.5a. For the model with skewed trips, the decrease 
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in the heat transfer ratio with increasing rotation number is less than for the models with 
normal trips or smooth walls. 

The heat transfer characteristics of the third passage are more similar to those of the 
second passage than those of the first passage for each model. The model with skewed 
trips showed less decrease in heat transfer with increasing rotation than the model with 
normal trips. 

The more complicated heat transfer distributions on the low pressure surfaces of the 
coolant passages are attributed to 1) the combination of buoyancy forces and the 
stabilization of the near-wall flow for low values of the rotation number, 2) the developing, 
Coriolis driven secondary flow cells and 3), the increases in flow reattachment lengths after 
trips for the larger values of the rotation number. It is postulated that the relatively small 
effects from variations in density ratio near the inlet of the second passage and the large 
effects near the end of the second passage are due to the development of the near-wall 
thermal layers (i.e. thickening for the normal trip model compared to thinning for the 
smooth wall model). Near the inlet of the second passage, the thermal layers are postulated 
to be thin because of the strong secondary flows in the first turn region. With increasing 
X/d, the turn dominated secondary flows diminish and the counteracting effect of buoyancy 
and the Coriolis generated secondary flow increases. 

The heat transfer in the model with skewed trips was less sensitive to rotation in the 
second and third passages than in the model with normal trips. This decrease in sensitivity 
was attributed to the additional secondary flow induced by the skewed trips and the 
interactions with the secondary flows induced by the Coriolis forces. 

The rotation number correlates the heat transfer ratios for models with trips better 
and for more surface locations and flow conditions than it did for the model with smooth 
walls. The percent decrease in heat transfer ratio from the stationary value on the low 
pressure side of the first coolant passage is well correlated by the rotation number for 
Ro < 0.24 and was independent of the three wall surface geometries. 

7.2 Variation with Density Ratio 

This presentation uses the local density ratio rather than the inlet density ratio used 
for test identification purposes. Note that for the models with the normal and skewed trips, 
the largest value of density ratio in the third passage is only one half the value with the 
smooth walls. This presentation also permits an extrapolation of the results to a density 
ratio of zero and therefore allows comparison (a) with the results from analytical predictions 
with constant density models, and (b) with the results from naphthalene experiments using 
a mass transfer/heat transfer analogy. 

In the first passage (Figure 7.4), the variation of heat transfer ratio with density ratio 
is greater for the models with normal than with skewed trips. The slope of the variation 
for the model with normal trips is approximately the same as obtained for results from 
the model with smooth walls. Note that the heat transfer ratio does not vary with density 
ratio for Ro = 0.05 or 0.12 and does not become appreciable until Ro = 0.35. The variation 
of heat transfer ratio with density ratio is always expected to be zero for Ro = 0 when the 
film properties are used to evaluate the Reynolds and the Nusselt numbers. Note also that 
the largest variation of heat transfer ratio with density ratio occurs for test section 36 
(leading surface, X/d = 12.4) for both the normal and skewed trips. Note that these larger 
variations with density ratio occurred at Ro = 0.24 for the model with smooth walls. The 
conclusion is that, for the first passage, the trips cause turbulence and/or secondary flows 
which diminish the buoyancy effects in this region. Note also that there is less effect of 
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Figure 7.1a- Effect of Rotation Number on Heat Transfer Ratios in the First Passage. 
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Figure 7.1b- Effect of Rotation Number on Heat Transfer Ratios in the First Passage. 
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Figure 7.2a- Effect of Rotation Number on Heat Transfer Ratios in the Second Passage. 
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Figure 7.2b- Effect of Rotation Number on Heat Transfer Ratios in the Second Passage. 
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Figure 7.3a- Effect of Rotation Number on Heat Transfer Ratios in the Third Passage. 
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Figure 7.3b- Effect of Rotation Number on Heat Transfer Ratios in the Third Passage. 
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Figure 7.4a- Effect of Density Ratio on Heat Transfer Ratios in the First Passage. 
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Figure 7.4b- Effect of Density Ratio on Heat Transfer Ratios in the First Passage. 
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Figure 7.5a- Effect of Density Ratio on Heat Transfer Ratios in the Second Passage. 
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Figure 7.5b- Effect of Density Ratio on Heat Transfer Ratios in the Second Passage. 
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Figure 7.6a- Effect of Density Ratio on Heat Transfer Ratios in the Third Passage. 
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Figure 7.6b- Effect of Density Ratio on Heat Transfer Ratios in the Third Passage. 
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density ratio on the trailing surface (high pressure side) for the skewed trips than for the 

normal trips. 

On the trailing surfaces of the second passage of the model with the normal trips 
(Figure 7.5a), the slopes of the variations of heat flux ratio with density ratio increase 
significantly as the X/d increases for all values of the rotation number 0.24 and 0.35. The 
effects of density ratio measured at X/d = 9.7 were the greatest for all three models; 
however, it should be noted that the results for the model with the normal trips generally 
lie between those from the model with the skewed trips and the model with smooth walls. 
This phenomena of very large density effects is attributed to the flow structures with 
separated and attached flow on the wall adjacent to the trips. 

The heat transfer results on both the leading and trailing surfaces in the second passage 
with skewed trips (Figure 7.5b) show much less effect of density ratio than those with 
normal trips. The conclusion is that the secondary flows produced by the trips can have 
a large effect on heat transfer. The skewed trips apparently caused secondary flow patterns 
which did not produce strong effects of density ratio. The normal trips apparently caused 
flow patterns which produced strong effects on density ratio. The variation of heat transfer 
ratios with increasing density ratio on the trailing surfaces in the second passage of the 
model with skewed trips also occurs at lower values of the rotation number than occurred 
in the first passage. However, the slopes were close to those measured in the model with 
smooth walls. 

The heat transfer characteristics in the third passage (Figure 7.6) were similar to those 
in the second passage. The heat transfer ratios for the model with normal trips were more 
sensitive to density ratio for Ro = 0.35 than those for the model with skewed trips. 

The density ratio is a lesser factor in heat transfer when the flow in the coolant passage 
is well mixed. For most flow situations with the skewed trips, the flow is apparently well 
mixed and the effects of density ratio are minimal for Ro < 0.25. However, for the model 
with the normal trips, secondary flow patterns are postulated to occur where the recirculating 
flow is driven by the buoyancy terms. For these cases, the density ratio and therefore the 
buoyancy parameter are important. The principal results from this presentation are that 
the variations of heat transfer ratio with density ratio do not become appreciable until the 
rotation number is 0.24 or 0.35, depending on the passage, and that the heat transfer from 
the model with skewed trips was much less sensitive to the local density ratio than was 
the heat transfer from the model with normal trips. The first result was attributed to the 
influence of the trips on the secondary flows and turbulence characteristics. The second 
result was attributed to the formulation of buoyancy driven flow patterns for the normal 
trips and the preclusion of these patterns by the secondary flows due to the skewed trips. 

7.3 Variation with Buoyancy Parameter 

The buoyancy parameter, (Ap/p)(£2R/V)(£2d/V), has been effective for the correlation 
of heat transfer results from the model with smooth walls (Volume I). The best correlation 
occurred for streamwise locations of X/d = 12 and for values of the buoyancy parameter 
greater than 0.20. In this sub section, the heat transfer ratios from the leading and trailing 
surfaces in the three passages are presented and compared with results from the model 
with smooth walls. 

The variation of the local heat transfer ratio with the buoyancy parameter in the first 
passage with flow outward for both models is shown in Figure 7.7. The trailing surfaces 
for both models are correlated better with the buoyancy parameter than with the rotation 
number (Figure 7.1) or the inlet density ratio (Figure 7.4). Note that the heat transfer 
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ratios of test surface 52 for the normal and skewed trips are 20 and 25 percent greater 
than the heat transfer ratios for the smooth walls and for buoyancy parameters > 0.6. 
(Recall that the total surface areas for the normal and skewed trips are 10 and 15 percent 
greater than for the smooth walls and that the heat transfer coefficients and hence heat 
transfer ratios are based on the projected area.) On an absolute basis (i.e. ANu), the 
increases are 30 and 45 percent of Nu TO . The conclusion is that half or more of the increase 
in heat transfer occurs due to the increased surface area. The increase in local heat transfer 
coefficient due to trips (10 percent) for high rotation numbers and high values of the 
buoyancy parameters is a small fraction of the 150 to 200 percent increase obtained from 
trips for zero rotation. 

The variations of heat transfer ratio with buoyancy parameter for the leading (low 
pressure) surfaces in the first passages show several of the same characteristics previously 
shown for the results from the smooth model. However, for Ro < 0.25, the heat transfer 
ratios are correlated better by the rotation number (Figure 7.1) than by the buoyancy 
parameter. The distribution of results at all streamwise locations, i.e. X/d = 4.7, 8.5 and 
12.4 for the models with trips resemble the distribution of results for X/d = 4.7 for the 
model with smooth walls. One possible cause for this relationship is that the trips cause 
the flow to mix near the wall and perhaps prevent the radial recirculation expected from 
strong buoyancy forces and low convection velocities near the leading surface. For test 
surface 36 and at values of the buoyancy parameters greater than 0.6, the increase in the 
heat transfer ratio with normal trips is approximately 20 percent greater than with the 
smooth wall. For the same surface and flow condition and with the skewed trips, the 
increase is 35 percent above the values obtained with the smooth wall. However, the heat 
transfer on both surfaces with trips is approximately 30 percent less than the values obtained 
without rotation! 

The variation of the heat transfer ratio with the buoyancy parameter in the second 
passage with flow radially inward (Figure 7.8) shows markedly different results from the 
two models with trips. For the model with skewed trips, the leading surfaces are well 
correlated by the buoyancy parameter but have values of the heat transfer ratio not more 
than 10 to 30 percent greater than the value for the stationary model. For the highest values 
of the buoyancy parameter at X/d = 12.4 the increase in heat transfer ratio is greater at 
the other values of X/d and lower values of the buoyancy parameter. The trailing surfaces 
are reasonably well correlated by the buoyancy parameter. However, the maximum 
decrease in heat transfer ratio from the stationary ratio due to buoyancy is less than 30 
percent whereas the smooth wall model had decreases of approximately 40 percent. It 
should be noted that the decrease in absolute values are greater for the model with skewed 
trips (0.75 Nuqo) than for the model with smooth walls (0.45 Nuoo)- 

The heat transfer characteristics from the trailing surfaces in the second passage with 
flow inward for the model with normal trips (Figure 7.8a) are markedly different than those 
from the model with skewed trips (Figure 7.8b). At an X/d = 9.7 (element 57), the heat 
transfer for the lowest (Ap/p) in decreases from 2.1 Niioo (Ro = 0) to 0.63 Nuqo (Ro = 0.35). 
In addition, the local heat transfer ratio increases markedly with increasing (Ap/p) as the 
rotation number increases from 0.05 to 0.35. These effects were previously attributed 
to the buoyancy driven flow structure caused by the normal trips and the separation, 
reattachment and radial recirculation zones associated with the trips. Note that at X/d = 
9.7 (element 57) for Ro = 0.35 and the lowest (Ap/p) in the heat transfer ratio with the 
normal trips is approximately equal to that with smooth walls at the same location, i.e. 
0.63 N Uoo . 

The results for the leading surfaces of the second passage in the model with normal 
trips are similar to those from the model with the skewed trips. Differences occur for Ro 
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Figure 7.7a- Effect of Buoyancy Parameter on Heat Transfer Ratios in the First Passage. 
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Figure 7.7b- Effect of Buoyancy Parameter on Heat Transfer Ratios in the First Passage. 
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Figure 7.9a- Effect of Buoyancy Parameter on Heat Transfer Ratios in the Third Passage. 
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Figure 7.9b- Effect of Buoyancy Parameter on Heat Transfer Ratios in the Third Passage. 
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Figure 7. 10a- Comparison of Effects of Rotation and Flow Direction on Heat Transfer Ratios. 
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Figure 7. 10b- Comparison of Effects of Rotation and Flow Direction on Heat Transfer Ratios. 
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Figure 7.11a- Comparison of Effects of Buoyancy Parameter and Flow Direction on Heat Transfer Ratios. 
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= 0.35 and 0.24 where there is a greater dependency upon the density ratio than observed 
for either the smooth wall or skewed trip configurations at these locations. 

7.4 Variation with Flow Direction 

Rotation Number. The variation with rotation number heat transfer ratios for the 
downstream leading and trailing surfaces in the three straight passages are presented in 
Figure 7.10. These results were previously shown as part of Figures 7.1 through 7.3. 
Portions of the previous discussion will be repeated as applied to the figures. The test 
surface identification number, the streamwise location and the X/d ratio from the start 
of each straight section are also shown on each panel of the figure. 

The trailing surfaces of the first and third passages and the leading surface of the 
second passage are the high pressure surfaces. In the first and third passages of both 
models with trips, the heat transfer coefficients increase with increasing rotation number 
at approximately half the slope as the heat transfer coefficients for the model with smooth 
walls (Figure 7.10b). The increases in heat transfer ratios, due to rotation, are as much 
as 75 percent compared to the heat transfer ratios for the same models with trips and 
no rotation. Also, the heat transfer ratios in the second passage with flow radially inward 
are essentially independent of rotation. Note that the heat transfer from the models with 
trips is essentially independent of inlet density for Ro < 0.24 in the first two passages. 
The uncertainty in the heat transfer measurements in the third channel increases due to 
small bulk to wall temperature differences for the low inlet density ratios. However, the 
results for the third passages with trips show characteristics similar to those for the third 
passage with smooth walls. 

The heat transfer from the low pressure surfaces is more complex than that from the 
high pressure surfaces (Figure 7.10a). The heat transfer ratio in the first passage with 
both the normal and skewed trips decreases with increasing rotation number at the 
downstream location for the range of values tested, i.e. Od/V < 0.36. At the larger values 
of Od/V, 0.24-0.36, the heat transfer ratio increases with increases in the density ratio, 
similar to the results obtained for the trailing surface of the first passage. 

The effects of inlet density ratio on the heat transfer ratio in the second passage are 
of order 10 percent for the model with skewed trips and with flow radially inward. Note 
that large variations of order 300 percent were obtained for the model with normal trips 
in this passage for £2d/V > 0.3. Note also that the local density ratios in the second passage 
are about half of the inlet values. 

The heat transfer characteristics of the third passage are more similar to those of the 
second passage than to those of the first passage for each model. The model with skewed 
trips showed less decrease in heat transfer with increasing rotation than the models with 
the normal trips or the smooth walls. 

The more complicated heat transfer distributions on the low pressure surfaces of the 
coolant passages are attributed to 1) the combination of buoyancy forces and the 
stabilization of the near-wall flow for low values of the rotation number. 2) the developing. 
Coriolis driven secondary flow cells, and 3) the increases in flow reattachment lengths after 
trips for the larger values of the rotation number. It is postulated that the relatively small 
effects from variations in density ratio near the inlet of the second passage and the large 
effects near the end of the second passage are due to the development of the near-wall 
thermal layers (i.e. thickening for the normal trip model compared to thinning for the 
smooth wall model). Near the inlet of the second passage, the thermal layers are postulated 
to be thin because of the strong secondary flows in the first turn region. With increasing 


76 


X/d, the turn dominated secondary flows diminish and the counteracting effects of buoyancy 
and the Coriolis generated secondary flow increase. 

Buoyancy Parameter. The buoyancy parameter, (Ap/p)(toR/V)(Qd/V), has been 
effective for the correlation of heat transfer results from the model with smooth walls 
(Wagner et al., 1991a & 1991b). The best correlation was made for streamwise locations 
of X/d = 12 and for values of the buoyancy parameter greater than 0.20. In this section, 
the heat transfer ratios from the leading and trailing surfaces in the three passages are 
presented and compared with results from the models with smooth walls and with normal 
trips. These results were previously presented as parts of Figures 7.7 through 7.9. Portions 
of the previous discussion will be repeated as applied to the figures. 

The variations of the local heat transfer ratio with buoyancy parameter for the normal 
and skewed trip walls are somewhat different than for the smooth walls. The comparison of 
the heat transfer on the low pressure side of the passage from the downstream test surfaces 
of each test leg is shown in Figure 7.11a. Note that the heat transfer ratios for the smooth 
wall model at values of the buoyancy parameter greater than 0.2 all lie in the same data band 
(see also Figure 33 of Volume I). The results for the normal trip model do not appear to be 
correlated by the buoyancy parameter for values less than 0.4 (reached only in the first leg). 
The heat transfer results for the skewed trip model vary somewhat between legs. 

The comparison between legs of the heat transfer characteristics on the high pressure 
side of the passages with trips is better (Figure 7.11b). For both the first and third legs with 
flow outward, the heat transfer ratios increase modestly with increasing buoyancy 
parameter. For the second leg with flow inward, the heat transfer is less sensitive to the 
buoyancy parameter than for the first and third leg. This result for the models with trips is 
similar to that for the second leg of the smooth wall model. The tentative conclusion is that 
the changes in the turbulent transport due to buoyancy, which affects the heat transfer in the 
smooth wall model, also occur in rotating coolant passages with trips.. 

7.5 Concluding Discussion for Leading and Trailing Surfaces 

As expected, the heat transfer results from the models with the normal and skewed 
trips show complex relationships occur because of the wall geometry. Following is a 
summary of comments regarding the importance of each of the parameters identified in 
Section 4. 

• Reynolds Number - The heat transfer ratios for stationary and rotating 
conditions are reasonably well correlated by Nu ' Re 0 8 relationship. For low 
Reynolds numbers, i.e. Re ‘ 12,500, the exponent may be less. 

• Rotation Number - The rotation number correlates the heat transfer ratios for 
models with trips better and for more surface locations and flow conditions than 
it did for the model with smooth walls. The percent decrease in heat transfer 
ratio from the stationary value on the low pressure side of the first coolant 
passage is well correlated by the rotation number for R c < 0.24 and was 
independent of the three wall surface geometries. 

• Density Ratio and Buoyancy Parameter - For these tests with a constant value 
of R/d, the density ratio, the rotation number and the Reynolds numbers are 
independent flow parameters and the buoyancy is determined by the variations 
of the density ratio and the rotation number, i.e. (Ap/p)(Od/V) 2 (R/d). The 
density ratio is a lesser factor in heat transfer when the flow in the coolant 
passage is well mixed. For most flow situations with the skewed trips, the flow 
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is apparently well mixed and the effects of density ratio are minimal for Ro<0.25. 
However, for the model with the normal trips, secondary flow patterns are 
postulated to occur where the recirculating flow is driven by the buoyancy terms. 
For these cases, the density ratio and therefore the buoyancy parameter are 
important. 

• Streamwise Location - With trips, the heat transfer does not usually vary 
appreciably with streamwise location. The large decrease in heat transfer with 
increasing distance from the inlet measured in the model with smooth walls does 
occur with the trips. The exception occurs for flow downstream of turns with 
the skewed trips where the upstream vorticity has been convected to one side 
of the model and the flow readjusts in the new passage. 

• Trip Orientation - The secondary flows produced by the trips can have a large 
effect on heat transfer. The skewed trips apparently caused secondary flow 
patterns which did not produce strong effects of density ratio. The normal trips 
apparently caused flow patterns which produced strong effects of density ratio. 

• Flow Direction - The effects of flow direction were generally the same for the 
models with trips as for the models with smooth walls. The largest effects of 
flow direction occurred on the high pressure side of the coolant passage. For 
flow outward, a modest increase in heat transfer ratio occurred for the trailing 
surface. For flow inward, the heat transfer on the leading surface was essentially 
independent of rotation number and density ratio. 
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8.0 HEAT TRANSFER RESULTS FOR SIDE WALLS 


Heat transfer from the side or rib walls is generally less critical to the thermal design 
of a blade than the heat transfer from the surfaces directly adjacent to the blade 
aerodynamic surfaces where the metal temperatures and temperature gradients are greater. 
However, the heat transfer relationships are of interest and will be discussed. Note that 
the side walls are smooth for both the models with skewed or normal trips on the leading 
and trailing surfaces in the straight passages. The heat transfer from the side walls for 
a = 0 are not as sensitive to rotation and density ratio as the leading and trailing surfaces 
with trips. Therefore, representation of the results as variations of rotation number, density 
ratio and buoyancy does not appear to be warranted. The buoyancy parameter appeared 
to offer the best correlations for all the sidewall surfaces and was selected as the 
independent variable for this presentation of results. The variation of the heat transfer 
ratio with the rotational buoyancy parameter in the first and second passages of the models 
with the normal and skew trips are presented in Figures 8.1 and 8.2, respectively. 


The heat transfer ratios (Figure 8.1a) from the model with normal trips are similar 
to those from the model with smooth walls for the first heat transfer segment in each 
passage (Heaters 2 and 20/Streamwise location B). The heat transfer ratios from wall 
segments downstream of the inlet in the first passage are higher than for zero rotation but 
approximately the same as the smooth wall, for values of the buoyancy parameters greater 
than 0.3. 

The heat transfer ratios for the second passage (Figure 8.2a) of the model with the 
normal trips are also similar to those from the model with the smooth walls from the test 
segments near the inlet of the passage (Heaters 9 and 23/Streamwise location G). However, 
the heat transfer ratios are 20 to 50 percent greater for the model with normal trips than 
for the model with smooth walls at Streamwise locations H and I. 

The heat transfer characteristics for the model with skewed trips are more complex 
than those for the models with normal trips or smooth walls because of the secondary flows 
caused by the skewed trip geometry. Note that the heat transfer from Heaters 2 to 4 of 
the model with skewed trips is 30 to 50 percent greater than that from Heaters 20 to 22 
for Passage 1 (Figure 8.1b). Note also that the heat transfer ratios for Heaters 20 to 22 
are well correlated by the buoyancy parameter whereas those for Heaters 2 to 4 deviate 
from the grouping for R c = 0.35. Note also that small decreases in the heat transfer ratio 
with an increase in the buoyancy parameter occurred for both Heaters 4 and 22 at X/d 
= 12.4 (Streamwise location D). This decrease with rotation from the values for the 
stationary model did not occur for the models with smooth walls or with normal trips. 
These effects are attributed to the complex iterations between the secondary flows caused 
by the Coriolis forces, the buoyancy forces and the skewed trip geometry. 

The heat transfer relationships for the second passage of the model with skewed trips 
also showed more complex relationships than occurred for the other two models. For 
Heaters 9 to 1 1, the heat transfer generally increases with increasing values of the buoyancy 
parameter. However, small (i.e., less than 10 percent) decreases were measured for X/d 
= 1 .9 (Heater 9). The heat transfer ratios for Heaters 23 to 25 are more sensitive to rotation 
and inlet density ratio than the side walls with either normal trips or smooth walls. The 
heat transfer ratios for those three wall segments are also not well correlated by the 
buoyancy parameter. These heat transfer ratios apparently have first order effects "from 
several flow and geometric factors and are not correlated" by a single parameter (which 
would indicate a dominate force). 
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Figure 8.1a- Effect of Buoyancy Parameter on Heat Transfer Ratios in the First Passage. 
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Figure 8. lb- Effect of Buoyancy Parameter on Heat Transfer Ratios in the First Passage. 
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Figure 8.2a- Effect of Buoyancy Parameter on Heat Transfer Ratios in the Second Passage. 
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Figure 8.2b- Effect of Buoyancy Parameter on Heat Transfer Ratios in the Second Passage. 
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Although the heat transfer from the side walls is complex, the general tendency is 
for the heat transfer ratios to increase (or remain constant within 10 percent) with increasing 
rotation and inlet density ratio. The exception occurred for the second passage of the model 
with skewed trips where the heat transfer ratios decreased by as much as 35 percent from 
their value with the model stationary. 
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9.0 HEAT TRANSFER RESULTS FOR TURN REGIONS 


The heat transfer in the tip and root turn regions of the serpentine passage results 
from the conservation of vorticity as the flow undergoes a 180 degree turn, the interaction 
of buoyancy forces, and the wall friction in the turn region. The vorticity at the entrance 
to the turn region is caused by Coriolis forces and secondary flows induced by the trips. 
Thus, the heat transfer in the turn regions can be expected to be a function of the upstream 
wall geometry (smooth, normal trip or skewed trip), the rotation number, the turn 
orientation (tip or root) and the density ratio. Exploratory numerical studies (Sturgess and 
Datta, 1987) of flow through rotating sharp 180 degree bends showed that the double 
vortices (formed at the end of the straight section with outward flow) coalesced into a single 
vortex at the exit of the turn region. The secondary flows due to the interaction Coriolis 
forces, velocity profiles in the straight passages due to wall friction and the secondary flows 
due to trip orientation are expected to be different at the entrance to each turn region. 
The buoyancy effects on both turns will tend to accelerate the heated flow near the wall 
radially inward. Thus, the buoyancy effects will interact in opposite manners with the 
vortex/vortices through the turn. The conclusion from this discussion is that the flow and 
hence heat transfer in the turn regions can be complex. 

Although the numerical analysis of flows and heat transfer in rotating coolant passages 
is progressing rapidly, numerical results for the heat transfer of variable density flows 
in sharp 180 degree turns of rotating passages are not presently available. As previously 
discussed, the interaction can be complicated, therefore, the heat transfer results in the 
turns will be presented as functions of two buoyancy parameters. The first, denoted as 
“buoyancy term,” (Ap/p)(OR/V), was found to provide a good correlating parameter for 
turns with the smooth walls (Volume 1). The second is the conventional (for this program) 
buoyancy parameter, (Ap/p)(QR/V)(Od/V). 

The Nusselt numbers and mean convective velocities for the turn region are based 
on the geometrical characteristics of the turn region. The average cross sectional flow areas 
and the average perimeter length are not the same as for the straight sections of the model. 
The local values for d (hydraulic diameter) and A c (cross sectional area) are used in the 
calculation of the Nusselt number and in the determination of V (local average coolant 
passage velocity (Table 13.1)). The surfaces of all test section segments in the turn region 
are smooth. The references to models with normal and skewed trips and with smooth walls 
refer to the leading and trailing test surfaces in the straight section upstream and 
downstream of the turns. 

9.1 Tip Turn 

The variations of the heat transfer ratio with the buoyancy term and the buoyancy 
parameter for the first tip turn are presented in Figures 9.1 and 9.2. For the model with 
normal trips and at stationary condition (with both the buoyancy term or the buoyancy 
parameter equal zero), the heat transfer ratios are greater than or equal to the model with 
smooth walls (Figure 9.1a). For rotation numbers greater than 0.05. the heat transfer ratios 
with normal trips is less than or equal to the heat transfer ratios with smooth walls. With 
normal trips, the heat transfer ratio can decrease or increase with rotation in the first half 
of the turn and generally increases or remains constant with rotation in the last portion 
of the turn. The buoyancy term (Figure 9.1a) correlates the results for each heater segment 
better than the buoyancy parameter (Figure 9.2a). 

For the model with skewed trips and at zero rotation, the heat transfer ratios are equal 
to or less than the heat transfer ratios for the smooth walls except for heater element 5 
(Figure 9.1b). With rotation, the heat transfer ratios generally increase or remain constant 
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Figure 9.1a- Effect of Buoyancy Term on Heat Transfer Ratios in the First Turn. 
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Figure 9.1b- Effect of Buoyancy Term on Heat Transfer Ratios in the First Turn. 
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Figure 9.2b- Effect of Buoyancy Parameter on Heat Transfer Ratios in the First Turn. 
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Figure 9.3a- Effect of Buoyancy Term on Heat Transfer Ratios in the Second Turn. 
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Figure 9.4a- Effect of Buoyancy Parameter on Heat Transfer Ratios in the Second Turn. 
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Figure 9.4b- Effect of Buoyancy Parameter on Heat Transfer Ratios in the Second Turn. 
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except for heater element 37 which is the first leading surface section downstream of the 
straight section. The heat transfer ratios for the leading surfaces (elements 37 & 38) and 
the first two side walls (5 & 6) of the model with skewed trips are correlated well by the 
buoyancy term. The heat transfer ratios for the trailing surfaces (Sections 53 and 54) and 
the downstream side walls (Sections 7 and 8) are well correlated by the buoyancy parameter. 

The decrease in heat transfer ratio in the tip turn region, relative to the heat transfer 
for the model with smooth walls is attributed to the thicker viscous and thermal layers as 
the flow enters the turn region in models with trips. Numerical studies with constant density 
and buoyant flows will be required to sort out the complex relationships due to the 
conservation of vorticity and the buoyant forces in the turn regions. 

9.2 Root Turn 

The variation of heat transfer ratio with the buoyancy term and the buoyancy parameter 
for the root turn are presented in Figures 9.3 and 9.4. Note that for both models with 
trips and for the model with smooth walls, the heat transfer ratio generally decreases with 
rotation. 

For the model with normal trips, the heat transfer ratio decreases as much as 60 
percent of the value for the stationary model. When the heat transfer ratio decreases 
significantly with rotation, a minimum value was reached and further increase of rotation 
number or inlet density ratio resulted in an increase in the heat transfer ratio. The heat 
transfer ratio was well correlated by the buoyancy parameter for all the test sections for 
the model with normal trips. 

The heat transfer ratios on the leading and trailing surfaces for the model with skewed 
trips were generally less sensitive to rotation than either the models with normal trips or 
with smooth walls. The largest decrease in heat transfer ratio on a leading surface due 
to rotation was to 62 percent of the stationary value for element 43. A minimum value 
was not apparently reached as had been obtained from the models with normal trips and 
with smooth walls. The lowest heat transfer ratio occurred for the value of the buoyancy 
parameter near where the minimums were obtained for the other models. The variation 
of the heat flux ratios for the root turn of the model with skewed trips was better correlated 
with the buoyancy parameter. 

The decreases in the heat transfer in the root turn region are attributed to the migration 
of the slow warm fluid along the wall toward the center of rotation due to the radial pressure 
gradients. The colder fluid is caused to flow toward the unheated portion of the root turn 
region by Coriolis forces as well as the radial pressure gradient. Further insight into these 
complicated flow regions will be obtained from the numerical studies of flow and heat 
transfer in rotating coolant passages being conducted under other programs, concurrently 
with the preparation of this report. 
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10.0 COMPARISON WITH OTHER RESULTS 


A limited number of rotating heat transfer experiments have been published with the 
passage and wall trip geometries, flow conditions and the heat transfer boundary condition 
(i.e. constant model wall temperature) employed in the present program. Following are 
comparisons and comments regarding heat transfer in stationary and rotating radial coolant 
passages presently available to the authors. 

10.1 Stationary Experimental Results 

The results from Test No. 301, the Stationary Baseline Flow Condition for the model 
with normal trips, are compared with results from Boyle (1984) and Han et al. (1986) in 
Figure 10.1. The present results in the region with trips, 3 < X/d < 14, are almost identical 
with those from Boyle. The Boyle results were obtained for a constant heat flux boundary 
condition and sharp cornered trips which are modest variations from the present 
experiment. Heat transfer ratios from the surfaces with trips are generally consistent with 
the data band for Han’s measurements. Note that the heat transfer results from the present 
program for X/d < 3 are from the smooth wall surfaces near the inlet of the first passage. 
However, in general, the levels of heat transfer augmentation due to the presence of the 
trips are consistent with those of Boyle and Han et al. 

10.2 Rotating Analytical Results 

At present, results from numerical studies for flow and heat transfer in rotating coolant 
passages with wall trip geometries (similar to the normal and skewed trip geometries of 
this study) are unavailable for comparison in this report. However, one numerical study, 
Taylor et al. (1991), has been conducted with a circular duct and square shaped ribs around 
the entire coolant passage. The ribs had a height to tube diameter ratio equal to 0.23. 
The numerical study was conducted with and without ribs for zero rotation and with Ro 
= 0.0 and 0.05 for ribs. The results from this study showed that the heat transfer was 
dominated by the rib geometry and was not significantly altered by rotation at Ro = 0.05. 
The present experiments had alternating trips on two walls with a local flow blockage of 
10 percent. The referenced analysis had a local blockage at the rib inside diameter of 71 
percent. Their calculations show an approximately 10 percent variation of the heat transfer 
coefficients, on the leading and trailing surfaces. The conclusion from their analysis is 
that the rib geometry dominates the average heat transfer for 71 percent blockage and Ro 
= 0.05. The present results in Figure 7.1a show that the heat transfer for the 10 percent 
blockage rib is increased by 150 percent due to the ribs. The heat transfer from the present 
model is also increased by 20 percent on the trailing surface and decreased by 20 percent 
on the leading surface due to rotation for R c = 0.05. 

10.3 Rotating Experimental Results 

Results from this study have shown that rotational and buoyancy forces strongly 
influence turbulent heat transfer in rotating passages with trips normal to the flow for 
conditions found in gas turbine blades. The heat transfer results from stationary models 
with similar geometries agree quite well with the present work, i.e. Boyle (1984). Han et 
al. (1986) and Metzger et al. (1988). The heat transfer results from rotating models are 
more difficult to compare because of differences in the geometries and the boundary 
conditions. However, the heat transfer results of Clifford (1985) and Taslim et al. (1989) 
obtained with rotation will be related to the present results. 

Clifford (1985) obtained heat transfer coefficients in a multi-pass model with trips 
normal to the flow using transient measurement techniques. Direct comparison with 
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Heat Transfer Ratio, Nu/Nu 



Figure 10.1- Comparison of Stationary Heat Transfer Results From Leading and Trailing 
Surfaces With Boyle (1984) and Han et. al. (1986). 
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Clifford’s results is not possible due to the lack of specific model geometry and precise 
test conditions. Clifford observed increases in heat transfer of 36 percent on the pressure 
side of the model and decreases of 24 percent on the suction side of the first passage. 
Clifford’s trends are in general agreement with the present results. However, the effects 
of rotation measured by Clifford are somewhat less than those measured in the present 
experiment. Clifford’s heat transfer data from the second, inward flowing passage, was 
generally consistent with the present results. 

Taslim et al. (1989) also obtained heat transfer results in a rotating square passage 
with trips normal to the flow for several trip heights. Trips were square-edged and were 
mounted on two opposing walls (one heated). The remaining smooth walls and one of 
the walls with trips were unheated. Although all of the heat transfer results with rotation 
measured by Taslim were greater than the stationary value for Re d = 24800 and e/D = 0. 1 33, 
the leading side heat transfer coefficients with rotation decreased with increasing rotation 
rate. This effect is similar to that observed by Clifford and in the present results. Taslim 
also measured increases in heat transfer, for most Reynolds numbers, on the trailing side 
of the model with increases in rotation rate for low values of rotation rate followed by 
relative decreases for further increases in rotation. The observations of Taslim on the 
trailing side of the passage are inconsistent with the present experiment where heat transfer 
was observed to increase with increases in rotation rate for a similar range of rotation 
number. The differences in the measured effects of rotation on the trailing side heat 
transfer are attributed to the differences in trip geometry (e/D = 0.1 and round trips for 
the present work and e/D = 0.133 and square trips for Taslim) and to the differences in 
the wall boundary conditions (T w = constant for the present work and q w = constant on 
one wall for Taslim). Additional work is necessary to determine the effects of model 
geometry and thermal boundary conditions with rotation. 
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11.0 CORRELATING PARAMETERS FOR 
ROTATING COOLANT PASSAGES 

As discussed in the preceding sections, the distribution of heat transfer coefficients 
on the test surfaces is complex. For stationary cooling passages, the heat transfer is a 
function of flow rate, wall geometry, distance from the inlet and turns and location around 
the passage. As the rotation of the coolant passages are increased, Coriolis forces become 
important. Increasing the density ratio with rotation causes the buoyancy effects to increase. 

Correlation equations for each of the flow regions were developed for the smooth wall 
model in Volume 1. With the added complications of wall trips, correlating parameters 
are selected herein for each region based on the present experimental results. The 
recommended correlating parameters for rotating coolant passages are presented in Table 
11 . 1 . 


The correlations presented herein are based on flow in coolant passages with aspect 
ratios of 1.0 and maximum X/d values of 15. The characteristic length scale was d, the 
hydraulic diameter of the almost square cross section passage. For this geometry the 
distance between the leading and trailing walls (12.7mm, 0.5 in.) is approximately the same 
as the hydraulic diameter (13.2mm, 0.518 in.). This characteristic is noted without 
recommending what characteristic length be used for coolant passages with aspect ratios 
other than 1.0. 

The effects of rotation on the heat transfer from the low pressure surfaces of the 
coolant passages are somewhat independent of whether the surface is smooth or has trips 
with e/d = 0.1 and P/e = 10. The heat transfer will decrease (from the stationary values 
for each wall surface) with increasing rotation from the stationary value until a minimum 
value due to Coriolis effects is reached. The heat transfer may increase above the minimum 
value when buoyancy effects are appreciable. Therefore similar decreases in heat transfer 
on the low pressure can be expected for trips with smaller values of e/d. Large decreases 
in the heat transfer on the leading (low pressure) surface with flow outward have also 
been noted by other investigators. 

The heat transfer from the test surfaces with skewed trips was less sensitive to density 
ratio than that with normal trips (e.g., see Figures 7.5a & b and 7.6a & b). The authors’ 
recommendation is that skewed trips be employed to prevent the occurrence of buoyancy 
driven flow characteristics which apparently produce the large variation in the heat transfer 
coefficients. 

The turn regions for the present model do not have turning vanes or wall trips used 
in several gas turbines. However, the results show the significant effects of turn location 
and buoyancy on heat transfer from the turn surfaces. 

A set of tabulated data and results for the experiments with the models with skewed 
trips, normal trips and smooth walls is available on magnetic tape from Mr. Fred Yeh at 
NASA Lewis Research Center. 
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TABLE 11.1 RECOMMENDED CORRELATION PARAMETERS 
FOR ROTATING COOLANT PASSAGES 


BP - Buoyancy Parameter — ( Aq/q) (Q R / V) (£2d / V) 

BT - Buoyancy Term - (Aq/q)(QR/V) 

* - See Chapter 12 Conclusion No. 10. 


Wall 

Geometry 

Flow 

Region 

Surface 

Recommended Correlation 
Parameter 

Figure 

Normal 

Trips 

First Passage/ 
Flow Outward 

Leading 

R 0 for R 0 < 0.24 
BP for R 0 > 0.24 

7.1a 

7.7a 


Trailing 

BP 

7.7a 

Side 

BP 

8.1a 

Second Passage/ 
Flow Inward 

Leading 

Ro 

7.2a 

Trailing 

★ 

7.2a, 7.5a, 
7.8c 

Side 

BP 

8.2a 

Third Passage/ 
Flow Outward 

Leading 

R 0 for R 0 < 0.24 
BP for R 0 > 0.24 

7.3a 

7.9a 

Trailing 

★ 

7.3a, 7.6a, 
7.9a 

Side 

BP 

8.1a 

Turn/Tip 

Leading 

BT 

9.1a 

Trailing 

BT 

9.1a 

Side 

BT 

9.1a 

Turn/Root 

Leading 

BP 

9.4a 

Trailing 

BP 

9.4a 

Side 

BP 

9.4a 

Skewed Trips 

First Passage/ 
Flow Outward 

Leading 

R 0 for R 0 < 0.24 
BP for R 0 > 0.24 

7.1b 

7.7b 

Trailing 

BP 

7.7b 

Side 

BP 

8.1b 

Second Passage/ 
Flow Inward 

Leading 

BP 

7.8b 

Trailing 

BP 

7.8b 

Side 

BP 

8.2b 

Third Passage/ Flow 
Outward 

Leading 

Ro 

7.3b 

Trailing 

BP 

7.9b 

Side 

BP 

8.1b 

Turn/Tip 

Leading 

BT 

9.1b 

Trailing 

BP 

9.2b 

Side 

(1 st half turn) BT 
(2nd half turn) BP 

9.1b, 9.2b 

Turn/Root 

Leading 

BP 

9.4b 

Trailing 

BP 

9.4b 

Side 

BP 

9.4b 
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12.0 SUMMARY OF RESULTS AND CONCLUSIONS 


This program has resulted in an extensive body of experimental data from heat transfer 
experiments in a rotating square passage with normal and skewed trips. It is believed that 
the large range of test parameters makes this data set unique. The extensive data base 
aided greatly in the data analysis and correlation and in developing physical models for 
the complex heat transfer characteristics. A summary of the major program results and, 
where possible, conclusions concerning the separate effects of forced convection, coriolis, 
buoyancy and flow direction on heat transfer is presented in this section. A more detailed 
discussion of these conclusions and the authors’ speculations regarding physical models 
for the cause and effect relationships, can be found in Sections 5.0 through 9.0 of this 
report. 

Results from the present experiments with normal and skewed trips in rotating, radial, 
square coolant passages show that Coriolis forces and buoyancy effects can strongly 
influence heat transfer. The heat transfer coefficients on surfaces with normal trips were 
especially sensitive to rotation and buoyancy, decreasing as much as to one-third the 
stationary value due to rotation and increasing by a factor of 2.5 due to buoyancy. These 
effects were greater than measured previously for a smooth wall model. However, the 
maximum effects of buoyancy on surfaces with skewed trips was less than occurred on 
smooth surfaces. The author’s conclusions from these observations that skewed trips 
provide higher heat transfer coefficients and less sensitivity to buoyancy effects and that 
skewed trips, rather than normal trips, should be employed for rotating coolant passages. 

The comparison of results from the present experiments using normal and skewed 
trips with previous results for smooth wall models show that flow and heat transfer in 
rotating coolant passages can be complex, especially when no single flow mechanism 
dominates the heat transfer process. The present results were obtained for normal and 
skewed trips with values of trip streamwise pitch to trip height (P/e = 10) and trip height 
to coolant passage width (e/D = 0.1), typical of those used" in coolant passages. These 
trip geometries generally produced heat transfer coefficients two to three times those 
obtained for smooth wall passages. The wide range of heat transfer coefficients obtained 
(0.65 to 5.0 times the values for fully developed flow in smooth passages) indicates that 
it is prudent to have a data base available for the design of specific coolant passages used 
in rotating turbine blades. 

Following are observations regarding the effects of forced convection, Coriolis forces, 
buoyancy and flow direction on the heat transfer: 

1. Heat transfer is strongly affected by rotation, causing increases in heat transfer up 
to 5 times fully developed, smooth tube levels on the first passage trailing surfaces 
and decreases to 65% of fully developed, smooth tube levels on the leading surfaces, 
depending upon trip geometry. 

2. Increasing the density ratio with high rotation numbers generally caused an increase 
in heat transfer. However, the increase in heat transfer for the inward flowing passage 
was generally greater than that for outward flow. 

3. The heat transfer ratio on the high pressure surfaces with the skewed trips was less 
significantly affected by flow direction than the surfaces with smooth walls. 

4. The heat transfer ratio on the high pressure surfaces with normal trips was significantly 
affected by flow direction. The heat transfer was a strong function of the buoyancy 
parameter for the high pressure surfaces in the first and third passages with flow 
radially outward. However, the heat transfer was relatively unaffected by the buoyancy 
parameter for flow radially inward. 
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5. Increases in the density ratio caused the maximum increase in heat transfer in passages 
with normal trips to be greater than the maximum increases measured from the same 
model with smooth surfaces. 

6. The heat transfer ratio is a complex function of buoyancy parameter and density ratio 
on the low pressure surfaces of the coolant passages, regardless of flow direction. 

7. The decreases in heat transfer on the leading surfaces with increases in rotation 
number are attributed to the combined effects of stabilization of the near-wall flow 
and cross-stream flows which cause heated, near wall fluid from the trailing and 
sidewall surfaces to accumulate near the leading side of the coolant passage. 

8. Heat transfer ratios from rotating passages with normal or skewed trips at the highest 
rotation numbers and buoyancy parameters were not significantly greater than the heat 
transfer ratios measured in the same model with smooth surfaces for the same 
parameters. The highest heat transfer ratios on the high pressure sides with flow 
outward were only 20 to 25 percent greater than the heat transfer ratios for the same 
locations and flow conditions with smooth walls. Ten and fifteen percent of this 
increase was attributed to the increased surface area for the test sections with the 
normal and skewed trips, respectively. 

9. The effects of varying Reynolds number on heat transfer in the stationary or rotating 
models was reasonably well correlated by the heat transfer ratio Nu/Nuco. where Nuoo 
is the correlation for fully developed, turbulent flow in a stationary rectangular 
passage. 

10. The heat transfer ratios for the test elements in each model with trips were revievved 
to determine a recommended correlation parameter for each element. The rotation 
number, buoyancy parameter or buoyancy term were found to be an adequate 
correlating parameter for all test elements except those test elements for the trailing 
surfaces with normal trips in the second and third passages. 
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13.0 APPENDIX 


13.1 Error Analysis 

An analysis to determine the estimated error in measured heat transfer was conducted 
using the method described in Abernathy and Thompson (1973). The error analysis was 
a summation of the estimated inaccuracies in the data used to calculate the heat transfer 
coefficient and Nusselt number as shown below. When comparative testing is done (as in 
this program), Abernathy and Thompson suggest that biasing errors may be ignored. 
Therefore, only the precision errors were determined. 

(Nu) 2 = £ [(dNu/dfO 2 (fj) 2 ] 13.1 

/'-I 


where f! are the parameters used to determine the Nusselt number. 

To do the error analysis, assumptions of the estimated inaccuracies had to be made. 
Generally, where information was read by eye from a device (i.e., flowmeter, pressure 
gauge, etc.), the estimated accuracy was assumed to be 1/4 of the smallest increment. 
Voltages read by the acquisition system were assumed to be accurate to the least significant 
digit, except for the thermocouple emfs which were assumed to be accurate to only 25 
micro-volts. A summary of the estimated inaccuracies follows: 


Parameter. VD 

Estimated Error (±1 

Method 

VD 

0.000025 Volt 

T.C. wire repeatability 

VC 

0.000025 Volt 

T.C. wire repeatability 

VB 

0.0001 Volt 

least significant measurement 

E 

0.001 Volt 

least significant measurement 

1 

0.001 Volt 

least significant measurement 

QALOSS 

(0.05) QALOSS 

5% accurate estimate 

FMA 

0.25 

1/4 increase on flow meter 

CFMA 

(0.005)CFMA 

0.5% flow meter reading 

BFMA 

(0.005)BFMA 

0.5% flow meter reading 

PMin 

0.25 

1/4 increase 

TMin 

0.5 

1/2 resolution 

h 

(0.02)h at the inlet 

2% 


(0.06)h at the exit 

6% 


Note: h was only used to estimate the error of determining the effective heat transfer surface 
area. 

This analysis, applied to the case where the stationary test point Reynolds Number 
is 25,000, showed the error of determining heat transfer at the entrance of the model was 
±2% and the error at the exit was ±7% of the local heat transfer rate. Of the estimated 
error, over 90% was due to the error in determining the temperature. Nine percent of the 
estimated error was due to the error in determining the backloss. 
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13.2 Pressure Loss Measurements 

Measurements were obtained during all heat transfer tests to determine the pressure 
drop through the serpentine coolant passage (Figure 3.6). The measurements in all three 
models for a nonrotating flow condition at a lower-than-standard flow pressure showed 
that a large fraction of the pressure drop occurred in the three straight test section segments 
for the models with trips whereas the principle pressure drop for the smooth wall model 
occurred in the 180 deg turns. The uncertainty in the pressure measurements and the low 
dynamic head of the flow at the standard flow pressure 1.01325 x 10 6 N/m 2 (10 atm) 
precluded the acquisition of data which could yield “benchmark quality’’ results for both 
the rotating and nonrotating tests. Typical results from these data indicate a variation in 
the pressure distribution; however, the overall pressure drop from the inlet to the exit of 
the model indicated small effects of rotation. Following is a discussion of the 
instrumentation, estimated accuracy, data analysis and typical results from the pressure 
distribution tests. 

Instrumentation 

The pressure tap locations are located in 16 sidewall test surface elements as shown 
in Figure 3.6. The pressure measurements were obtained with a Scanivalve Model ZOC14 
(zero, operate, calibrate) differential electronic pressure scanner. The pressure 
measurement equipment was located on the rotating arm at a radius of approximately 30.5 
cm (12”). The pressure scanner was encased in a thermal control unit (Scanivalve Model 
ZOC TCU). The thermal control unit is specified to maintain a uniform temperature to 
±2C (±1F) in a stationary environment. The differential pressure transducers were 
referenced to pressure tap #1 (Figure 3.6). The power to and the signals from the electronic 
pressure scanner and thermal control unit were transmitted through sliprings for the rotating 
tests. 


Estimate of Pressure Measurement Accuracy 

Although the ZOC14 electronic pressure scanner was rated to be accurate within 
±0.08% of the 6895N/m 2 (1 psi) full scale value (i.e., 5.516N/m 2 - (±0.0008 psi)), the 
uncertainties associated with the transducer temperature variation, the rotating environment 
and the slipring noise reduced the estimated accuracy and repeatability to approximately 
1% full scale or 68.95 N/m2 (0.01 psi). This accuracy is compatible with previous UTRC 
experience for pressure measurements in rotating systems. The value of 68.95 N/m2 (0.01 
psi) is also approximately 1.0 q in for the baseline flow condition. 

Data Analysis 

The pressure drops measured in the rotating serpentine coolant passage model were 
referenced to the pressure drop in the nonrotating model by (1) subtracting the pressure 
increases due to work from model rotation on the coolant at locations radially outward from 
pressure tap tt\ and (2) adding the pressure drop due to work from model rotation on the 
coolant at locations radially inward from pressure tap #1. In the four legged model (Figure 
3.6), this pressure rise is of the order (O 2 r 2 Ap)/4. The pressure increase due to a nominal 
33C (60F) temperature increase in the coolant temperature is approximately 20N/nr (0.003 
psi or 0.4 q in for the 550 rpm test condition. 

Results for Nonrotating Tests 

Pressure drop ratios were measured in the nonrotating (Q = 0) models with trips 
for the operating flow conditions shown in Tables 4.1 and 4.2 along with comparable 
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n = 0 rpm AT « 4 4°C (80°F) 



S/d 

Figure 13.1- Effect of Reynolds Number on Dressure Drop in Model. 
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at « 44°C (80°F) Re = 25,000 
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Figure 13.2- Effect of Rotation on Pressure Drop in Model. 
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smooth wall data. The pressure drop in the model with respect to the pressure at Tap No. 
1 is shown in Figure 13.1. Note that the pressure drop ratios decrease with increasing 
Reynolds number (as expected). As noted previously, the uncertainty for the measurements 
for Re = 25,000 is 1.0 qj n . This uncertainty decreases to 0.25 q in with Re equal approximately 
50,000 and increases to 4.0 q in with Re equal approximately 12,500. 

Results for Rotating Tests 

Pressure drops were measured for rotating tests with Re approximately equal to 25,000 
(Figure 13.2). The uncertainties in the measurements and the several assumptions required 
for data analysis make interpretation of the results difficult. However, the overall pressure 
drop measurements, from pressure taps located near the inlet and exit of the model, are 
expected to be the most accurate. Note that for the smooth wall and the normal trip models, 
the pressure drop ratio across the model is independent of rotation rate, except for the 
550 rpm flow condition with the normal trip model. The pressure drop ratio across the 
normal trip model (Figure 13.2b) was more than twice the pressure drop across the smooth 
wall model (Figure 13.2a), i.e., Ap/Q in increased from 3.5 to 7.5. The pressure drop ratio 
for the normal trip model at 550 rpm was 5.5. This latter flow condition also showed a 
significant decrease in heat transfer ratio on several surfaces of the heat transfer model 
which was attributed to unattached flow regions. This anomalous pressure measurement 
may be related to the large variation in measured heat transfer; however, the uncertainties 
in the measurements preclude definitive conclusions without further measurements. 

The overall pressure drop ratios for the flow in the model with skewed trips indicate 
a decrease in the pressure drop ratio with increasing rpm, i.e. rotation number, Ro. The 
consistency of the pressure drop relationship at all the streamwise locations lends credence 
to the measurements. The oblique flow guidance characteristics of the skewed trips and 
the similar heat transfer results from the skewed trip model at the highest rotation and 
buoyancy flow conditions are also in agreement with the measured result. However, the 
uncertainties in the measurements preclude definitive conclusions without further 
measurements with more sensitive pressure transducers. 

13.3 Model Geometry Information 

The test model heat transfer geometry information is tabulated in Table 13.1 as a 
function of the local test segment heater location (1-64). The test model pressure tap 
geometry information is tabulated in Table 13.2 as a function of pressure tap location 
(1-16). The variable names for each column are defined in the List of Symbols. 
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Table 13.1- Model Heat Transfer Geometry Information. 


Heater 

Segment 

No. 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 
61 
62 

63 

64 


cm 

1.3155 

1.3155 

1.3155 

1.3155 

1 .4323 

1.4323 

1.4323 

1 .4323 

1.3155 

1.3155 

1.3155 

1.3155 

1.3155 

1.3155 

1.4323 

1.4323 

1.4323 

1 .4323 

1.3155 

1.3155 

1.3155 

1.3155 

1.3155 

1.3155 

1.3155 

1 .4323 

1.4323 

1.4323 

1.4323 

1.3155 

1.3155 

1.3155 

1.3155 

1.3155 

1.3155 

1.3155 

1.4323 

1.4323 

1.3155 

1.3155 

1.3155 

1.4323 

1.4323 

1.3155 

1.3155 

1.3155 

1.4323 

1.4323 

1.3155 

1.3155 

1.3155 

1.3155 

1.4323 

1 .4323 

1.3155 

1.3155 

1.3155 

1.4323 

1.4323 

1.3155 

1.3155 

1.3155 

1.4323 

1.4323 


(in.) 
0.5179 
0.5179 
0.5179 
.5179 
.5639 
.5639 
.5639 
.5639 
0.5179 
0.5179 
0.5179 
0.5179 
0.5179 
0.5179 
0.5639 
0.5639 
0.5639 
0.5639 
0.5179 
0.5179 
0.5179 
0.5179 
0.5179 
0.5179 
0.5179 
0.5639 
0.5639 
0.5639 
0.5639 
0.5179 
.5179 
.5179 
.5179 
.5179 
.5179 
0.5179 
0.5639 
0.5639 
0.5179 
0.5179 
0.5179 
0.5639 
0.5639 
0.5179 
0.5179 
0.5179 
0.5639 
0.5639 
0.5179 
0.5179 
0.5179 
0.5179 
0.5639 
0.5639 
0.5179 
0.5179 
0.5179 
0.5639 
0.5639 
0.5179 
0.5179 
0.5179 
0.5639 
0.5639 


cm 

1.5923 

1.5923 

1.5923 

1.5923 

1.9555 

1.9555 

1.9555 

1.9555 

1.5923 

1 .5923 

1.5923 

1.5923 

1.5923 

1.5923 

1.9555 

1.9555 

1.9555 

1.9555 

1.5923 

1.5923 

1.5923 

1.5923 

1.5923 

1.5923 

1.5923 

1.9555 

1.9555 

1.9555 

1.9555 

1.5923 

1.5923 

1.5923 

1.5923 

1.5923 

1.5923 

1.5923 

1.9555 

1.9555 

1.5923 

1.5923 

1.5923 

1.9555 

1.9555 

1.5923 

1.5923 

1.5923 

1.9555 

1.9555 

1.5923 

1.5923 

1.5923 

1.5923 

1.9555 

1.9555 

1.5923 

1.5923 

1.5923 

1.9555 

1.9555 

1.5923 

1.5923 

1.5923 

1.9555 

1.9555 


(in. 2 ) 

0.2468 

0.2468 

0.2468 

0.2468 

0.3031 

0.3031 

0.3031 

0.3031 

0.2468 

0.2468 

0.2468 

0.2468 

0.2468 

0.2468 

0.3031 

0.3031 

0.3031 

0.3031 

0.2468 

0.2468 

0.2468 

0.2468 

0.2468 

0.2468 

0.2468 

0.3031 

0.3031 

0.3031 

0.3031 

0.2468 

0.2468 

0.2468 

0.2468 

0.2468 

0.2468 

0.2468 

0.3031 

0.3031 

0.2468 

0.2468 

0.2468 

0.3031 

0.3031 

0.2468 

0.2468 

0.2468 

0.3031 

0.3031 

0.2468 

0.2468 

0.2468 

0.2468 

0.3031 

0.3031 

0.2468 

0.2468 

0.2468 

0.3031 

0.3031 

0.2468 

0.2468 

0.2468 

0.3031 

0.3031 


cm 2 

3.7258 

5.2484 

5.2484 

5.2484 

2.5116 

2.4277 

2.4277 
2.5166 

5.2484 

5.2484 

5.2484 

5.2484 

5.2484 

5.2484 

2.5116 
.4277 
.4277 
.5116 
.7258 

5.2484 

5.2484 

5.2484 

5.2484 

5.2484 

5.2484 

2.5116 

2.4277 

2.4277 

2.5116 

5.2484 

5.2484 

5.2484 

3.7258 

5.2484 

5.2484 

5.2484 

5.1877 

5.1877 

5.2484 

5.2484 

5.2484 

5.1877 

5.1877 

5.2484 

5.2484 

5.2484 

5.1877 

5.1877 

3.7258 

5.2484 

5.2484 

5.2484 

5.1877 

5.1877 

5.2484 

5.2484 

5.2484 

5.1877 

5.1877 

5.2484 

5.2484 

5.2484 

5.1877 

5.1877 


CA 


(in. 2 ) 
0.5775 
0.8135 
0.8135 
8135 
3893 
3763 
3763 
3893 
8135 
.8135 
0.8135 
0.8135 
0.8135 
0.8135 
0.3893 
0.3763 
0.3763 
0.3893 
0.5775 
0.8135 
0.8135 
0.8135 
0.8135 
0.8135 
0.8135 
0.3893 
0.3763 
0.3763 
0.3893 
0.8135 
0.8135 
0.8135 
0.5775 
0.8135 
0.8135 
0.8135 
0.8041 
0.8041 
0.8135 
0.8135 
0.8135 
0.8041 
0.8041 
0.8135 
0.8135 
0.8135 
0.8041 
0.8041 
0.5775 
0.8135 
0.8135 
0.8135 
0.8041 
0.8041 
0.8135 
0.8135 
0.8135 
0.8041 
0.8041 
0.8135 
0.8135 
0.8135 
0.8041 
0.8041 


RADH 


cm 

10.190 

14.557 

19.637 

24.717 

28.400 

29.972 

29.972 

28.400 

24.717 

19.637 

14.557 

14.557 

19.637 

24.717 

28.400 

29.972 

29.972 

28.400 

10.190 

14.557 

19.637 

24.717 

24.717 

19.637 

14.557 

10.874 

9.301 

9.301 

10.874 

14.557 

19.637 

24.717 

10.190 

14.557 

19.637 

24.717 

28.819 

28.819 

24.717 

19.637 

14.557 

10.455 

10.455 

14.557 

19.637 

24.717 

28.819 

28.819 

10.190 

14.557 

19.637 

24.717 

28.819 

28.819 

24.717 

19.637 

14.557 

10.455 

10.455 

14.557 

19.637 

24.717 

28.819 

28.819 


(in.) 

4.012 

5.731 

7.731 

9.731 

11.181 

11.800 

11.800 

11.181 

9.731 

7.731 

5.731 

5.731 

7.731 

9.731 

11.181 

11.800 

11.800 

11.181 

4.012 

5.731 

7.731 

9.731 

9.731 

7.731 

5.731 
4.281 
3.662 
3.662 
4.281 

5.731 

7.731 

9.731 

4.012 

5.731 

7.731 

9.731 

11.346 

11.346 

9.731 

7.731 

5.731 

4.116 

4.116 

5.731 

7.731 

9.731 

11.346 

11.346 

4.012 

5.731 

7.731 

9.731 

11.346 

11.346 

9.731 

7.731 

5.731 

4.116 

4.116 

5.731 

7.731 

9.731 

11.346 

11.346 


cm 

1.748 

6.114 

11.194 

16.274 

19.644 

21.303 

22.964 

24.623 

27.993 

33.073 

38.153 

49.873 

54.953 

60.033 

63.403 

65.062 

66.723 

68.382 

1.748 

6.114 

11.194 

16.274 

27.993 

33.073 

38.153 

41.524 

43.185 

44.016 

46.505 

49.873 

54.953 

60.033 

1.748 

6.114 

11.194 

16.274 

20.475 

23.795 

27.993 

33.073 

38.153 

42.354 

45.674 

49.873 

54.953 

60.033 

64.234 

67.554 

1.748 

6.114 

11.194 

16.274 

20.475 

23.795 

27.993 

33.073 

38.158 

42.354 

45.674 

49.873 

54.953 

60.033 

64.234 

67.554 


(in.) 

0.688 

2.407 

4.407 

6.407 
7.734 
8.387 
9.041 
9.694 

11.021 

13.021 

15.021 

19.635 

21.635 

23.635 
24.962 
25.615 
26.269 
26.922 

0.688 

2.407 

4.407 

6.407 

11.021 

13.021 

15.021 
16.348 
17.002 
17.329 
18.309 

19.635 

21.635 

23.635 
0.688 

2.407 

4.407 

6.407 

8.061 

9.368 

11.021 

13.021 

15.021 

16.675 
17.982 

19.635 

21.635 

23.635 
25.289 
26.596 

0.688 

2.407 

4.407 

6.407 

8.061 

9.368 

11.021 

13.021 

15.021 

16.675 
17.982 

19.635 

21.635 

23.635 
25.289 
26.596 


cm 

1.748 

6.114 

11.194 

16.274 

19.644 

21.303 

22.964 

24.623 

2.540 

7.620 

12.700 

2.540 

7.620 

12.700 

16.071 

17.729 

19.390 

21.049 

1.748 

6.114 

11.194 

16.274 

2.540 

7.620 

12.700 

16.071 

17.729 

19.390 

21.049 

2.540 

7.620 

12.700 

1.748 

6.114 

11.194 

16.274 

20.475 

23.795 

2.540 

7.620 

12.700 

16.901 

20.221 

2.540 

7.620 

12.700 

16.901 

20.221 

1.748 

6.114 

11.194 

16.274 

20.475 

23.795 

2.540 

7.620 

12.700 

16.901 

20.221 

2.540 

7.620 

12.700 

16.901 

20.221 


(in.) 

0.688 

2.407 

4.407 

6.407 
7.734 
8.387 
9.041 
9.694 

1.000 

3.000 

5.000 

1.000 

3.000 

5.000 
6.327 
6.980 
7.634 
8.287 
0.688 

2.407 

4.407 

6.407 

1.000 

3.000 

5.000 
6.327 
6.980 
7.634 
8.287 

1.000 

3.000 

5.000 
0.688 

2.407 

4.407 

6.407 

8.061 

9.368 

1.000 

3.000 

5.000 

6.654 

7.961 

1.000 

3.000 

5.000 

6.654 

7.961 
0.688 

2.407 

4.407 

6.407 

8.061 

9.368 

1.000 

3.000 

5.000 

6.654 

7.961 

1.000 

3.000 

5.000 

6.654 

7.961 
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Table 13.2- Model Pressure Tap Geometry Information. 


Smooth & 




Skewed 

Normal 



Trips 

Trips 



Pressure 

Pressure 

RADP 

Tap No. 

Tap No. 

cm 

(in.) 

1 

1 

11.582 

4.560 

2 

2 

16.662 

6.560 

3 

4 

21.742 

8.560 

4 

5 

26.822 

10.560 

5 

6 

30.175 

11.880 

6 

- 

26.822 

10.560 

7 

7 

21.742 

8.560 

8 

8 

16.662 

6.560 

9 

9 

11.430 

4.500 

10 

10 

8.890 

3.500 

11 

- 

11.430 

4.500 

12 

11 

12.217 

4.810 

13 

12 

17.297 

6.810 

14 

13 

22.377 

8.810 

15 

14 

30.175 

11.880 

16 

16 

11.582 

4.560 


s x 


cm 

(in.) 

cm 

(in.) 

3.139 

1.236 

3.139 

1.236 

8.219 

3.236 

8.219 

3.236 

13.299 

5.236 

13.299 

5.236 

18.379 

7.236 

18.379 

7.236 

22.570 

8.886 

22.570 

8.886 

25.491 

10.036 

0.038 

0.015 

30.571 

12.036 

5.118 

2.015 

35.651 

14.036 

10.198 

4.015 

40.909 

16.106 

15.456 

6.085 

44.770 

17.626 

19.317 

7.605 

46.904 

18.466 

21.450 

8.445 

47.691 

18.776 

0.358 

0.141 

52.771 

20.776 

5.438 

2.141 

57.851 

22.776 

10.518 

4.141 

66.487 

26.176 

19.154 

7.541 

84.673 

33.336 

15.574 

6.171 
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LIST OF SYMBOLS 


A c 

BFMA 

Cf 

CA 

CFMA 

d 

e 

E 

FMA 

Gr 

Gr/Re 2 


H 

HP 

1 

k 

LP 

m 

Nu 

Nlloo 

p 

p 

AP 


Cross sectional area of the passage, cm 2 (in 2 ) 

Flow meter (B) reading, kg/sec (Ibm/sec) 

Skin friction coefficient, T w /(pV 2 /2), dimensionless 

Local heated test surface segment (heater segment) surface area, cm 2 
(in 2 ) 

Flow meter (C) reading, kg/sec (lbm/sec) 

Local hydraulic diameter of the passage, cm (in) 

Trip height 

Heater element supply voltage, volts 
Flow meter reading, kg/sec (lbm/sec) 

Local rotational Grashof number based on hydraulic diameter, (0 2 Rd 3 ) 
(p b - p w )(pb/p 2 ), dimensionless 

Local buoyancy parameter based on hydraulic diameter, ((p b - p w )/Pb) 
(OR/V)(Qd/V), dimensionless 

Local heat transfer coefficient, 

Q net /(CA(T W - T b )), W/(m 2 -C)(Btu/(hr-ft 2 -F)) 

Coolant passage height, cm (in) 

High pressure surface 

Heater segment current, amps 

Thermal conductivity, W/(m-C) (Btu/(hr-ft-F)) 

Low pressure surface 

Mass flow rate, kg/sec (lbm/sec) 

Local Nusselt number based on hydraulic diameter, hd/k, dimensionless 

Nusselt number for fully developed turbulent flow in a square duct 
0.0176(Re° 8 ), dimensionless 

Trip pitch (spacing) 

Pressure 

Pressure difference between the local static pressure tap readings 
(corrected for pumping effects to the radius of model pressure tap # 1) and 
the model pressure tap #1, N/m 2 (psi) 
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AP/Qi„ 


Pr 

Qin 

Qnet 

QALOSS 

R 

R 

R/d 

R/d 

RADH 

RADP 

RBASE 


Re 

Ro 

S 

S/d 

STD 

T„ 

T w 

aT 

AT/T 

(ATAT) in 


Pressure difference between the local static pressure tap readings 
(corrected for pumping effects to the radius of model pressure tap #1) and 
the model pressure tap #1, normalized by the inlet dynamic pressure, 
dimensionless 

Prandtl number, dimensionless 

Channel inlet dynamic pressure, N/m 2 (psi) 

Net heat rate input into the flow field from the heater segment, W (Btu/hr) 

Heat flux loss from the heater elements, W/m 2 (Btu/(hr-ft 2 )) 

Radial distance from the axis of rotation, RADH + RBASE for the heater 
segments, RADP + RBASE for the pressure tap locations, cm (in) 

Average model radius from the axis of rotation, cm (in) 

Non-dimensional radial location 

Non-dimensional radial location based on the average model radius 

Radial location to the center of a heater segment relative to the base of the 
model (RBASE). cm (in) 

Radial location of wall pressure tap measured from the base of the model 
(RBASE). cm (in) 

Distance from the axis of rotation to the base of the model. The “base of 
the model” was an arbitrarily defined reference - point. RBASE equals 
46.673 cm (18.375 in) for R/d = 49, and - RBASE equals 24.130 cm (9 50 
in) for R/d = 33. 

Reynolds number based on hydraulic diameter, mJ/A^), dimensionless 
Rotation number, Dd/V, dimensionless 

Distance measured from the leading edge of the first channel heater 
segment, cm (in) 

Non-dimensional distance measured from the leading edge of the first 
channel heater 

Standard rotating baseline flow conditions, Re = 25000, Ro = 0.24 
(Ap/p)j n = (AT/T),,, = 0.13, R/d = 49, a; = 0, dimensionless 

Local bulk temperature of the fluid. K (R) 

Local wall temperature of the channel heater segment. K (R) 

Temperature difference, (T w - T b ). C (F) 

Local temperature ratio, (T w - T b )/T w , dimensionless 

Temperature ratio, (T w - T b )/T w , where T b is evaluated at the inlet of the 
model, dimensionless. Note: (AT/T) in = (Ap/p) in 
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V 

VB 

VC 

VD 

w 

X 

X/d 


l 1 

v 

Pb 

pw 

Ap/p 

(^p/p)j n 

n 

(flR/V)(Ap/p) 


Average coolant passage velocity at axial location, m/sec (ft/sec) 

Thermocouple voltage, volts 

Thermocouple voltage, volts 

Thermocouple voltage, volts 

Coolant passage width 

Distance measured from the leading edge of the first channel heater 
segment or the end of the last turn region, cm (in) 

Non-dimensional distance measured from the leading edge of the first 
channel heater segment or end of the last turn region. 

Model test section orientation angle with respect to the axis of rotation, 
deg 

Absolute viscosity, kg/m-sec (lbm/ft-sec) 

Kinematic viscosity, m 2 /sec (ft 2 /sec) 

Local channel density based on local bulk temperature, kg/m 3 (lbm/ft 3 ) 

Local channel density based on local wall surface temperature, 
kg/m 3 (lbm/ft 3 ) 

Local density ratio, (p b - p w )/p b , dimensionless 

Density ratio, (p b - p w ) p b , where p b is evaluated at the inlet of the model, 
dimensionless. Note: (Ap/p) in = (AT/T waU ) in 

Rotation rate, radian/sec 

Buoyancy term, dimensionless 


Subscripts: 

b 

c 

in 

w 

x 

OO 

0 


Bulk property 

Cross section 

Inlet to model 

Wall surface property 

Based on streamwise location X 

Fully developed turbulent smooth tube flow 

Stationary (non-rotating) condition 


Superscripts: 

Vector quantity or average value 
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